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7. Introduction 


THE early work of Miller (1862) on the transparency of various bodies, and 
the refractive index determinations of diamonds by Peter (1923) give indi- 
cations that some diamonds are more transparent than others to ultra-violet 
light. This question was the subject of an extensive investigation by 
Robertson, Fox and Martin. Ina paper entitled ‘“‘ Two types of diamonds ”’ 
in the Transactions of the Royal Society and a further communication in the 
Proceedings of the Royal Society (1936), these authors set forth evidence col- 
lected from the examination of a large number of crystals that diamonds 
fall into two distinct classes as regards their property of ultra-violet absorp- 
tion. Crystals of type I, which are of more common occurrence, were found 
by them to be opaque to ultra-violet light beyond 3000 A, while crystals 
of type II, met with only rarely, were found to transmit light freely up to 
2250 A. These authors also found that in the region just preceding that of 
complete absorption, there were present a number of narrow discrete absorp- 
tion bands. In the common type they reported 8 absorption bands between 
3000* and 3300, while in the rare type they observed a selective absorption 
with faint unresolved bands between 2330 and 2350. 


In the near ultra-violet region, Walter (1891) had investigated the 
absorption of diamonds using sunlight as source. His observations did not 
extend very far in the ultra-violet because of the use of a glass spectrograph, 
but in the violet region he found a sharp absorption line at 4155, and evi- 
dence of a general absorption of unspecified wave-lengths on the short 
wave-length side of this line. According to him, this band was strongest in 





*The figures here and in subsequent parts of the paper refer to wave-lengths in A.U. 


Al 

















2 P. G. N. Nayar 


the case of a yellow specimen and weak in stones coloured red, green or 
brown. However he has stated that this band at 4155 was present in all 
colourless crystals as well, of over a carat (or more properly, of sufficient 
thickness of absorbing material). In addition a very faint band at 4710 
was noted by him. In the work of Robertson et a] it has been mentioned 
that only in one case were they able to observe the absorption at 4155, and 
because they did not notice this band in the other crystals investigated by 
them, they dismissed it as not normal to diamonds. 


In two previous papers on diamond referred to as Part I and Part Il 
in this paper, the author (1941) has presented evidence to the effect that an 
emission band at 4156 is of fundamental importance in the fluorescence and 
phosphorescence of diamond and that it occurs with striking variations in 
its intensity in different crystals. An absorption in this region therefore is 
of particular interest, and the conflicting results obtained by Walter and 
Robertson and others require a re-examination. Further, the wide variation 
of intensities of fluorescence in crystals of as much as 10,000: 1 in the collec- 
tion of crystals reported in Part I by the author, gives an indication that 
differences in absorption ought to be considered on the basis of the fluor- 
escence of the crystals and not in regard to their colour as had been attempted 
by Walter. 


The whole question of transparency in the ultra-violet and the struc- 
ture of the absorption bands was therefore subjected to a careful investigation, 
using suitable technique. The studies revealed that the earlier work was 
far from complete in regard to the number of absorption bands, and had 
completely failed to recognise the significance of absorption frequencies and 
their intensity variations in relation to the fluorescence of the crystals. The 
present paper describes the details of the new results obtained by the author 
in regard to absorption of light, while the two earlier papers referred to 
above bearing on the subject have already dealt with the emission of light 
from diamonds as fluorescence and phosphorescence. 


2. Transmission in the Ultra-violet 


The specimens in the collection of crystals used in this work have been 
numbered and described in a table in Part I (p. 485). Therein it has been 
mentioned that some of the diamonds were in the form of flat plates of 
thicknesses varying from -76 mm. upwards. These plates were specially 
useful for studying the extent of transmission in the ultra-violet. A water- 
cooled hydrogen discharge tube with a quartz window, running on 3000 
volts 300-500 m.a., provided a very intense source of continuous spectrum 
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extending to 1800 A. The diamonds were fixed so as to completely cover 
small apertures in metal plates, and the light passing through the crystals 


was focussed on the slit of a Hilger medium quartz spectrograph using 
quartz lenses. 


All the crystals were systematically tested and were found to belong 
to the class designated type I by Robertson, in view of the fact that free 
transmission in the ultra-violet did not extend up to 2250. Considering 
them as type I or the common type of crystals, the results obtained are in 
agreement with the earlier work to the extent that very strong absorption 
sets in at about 3000 A, but differs in respect of the completeness of absorp- 
tion at 3000 A. Actually light is found to be weakly transmitted much 
farther into the ultra-violet, up to about 2700 as could be seen by the use of 
comparatively thin sections of under 1 mm. With thicker specimens of 


3 or 4 mm., the cut off at 3000 appears very sharp and gives the impression 
of total absorption. 


The extent of absorption in this region is illustrated in Fig. 1 (Plate I) 
where the spectra of light passing through different thicknesses, with graded 
exposures are shown. With the plate of -76 mm. thickness, the absorp- 
tion can be seen to extend to 2700 while in the last picture of the group, 
with a thickness of 2:35 mm., the absorption appears to be complete at 
about 3000. Several narrow bands are also present in this region and these 
are dealt with in the next section. 


3. Discrete Absorption Bands 


In the region just preceding complete absorption on the long wave-length 
side, Robertson et al had observed some narrow bands. A careful examina- 
tion of the plates taken with a series of graded exposures showed that 
similar bands were present in the region of weak transmission obtained with 
thin plates as described in the previous section. Of these the first two at 
2715 and 2770 are extremely faint and are hardly noticeable in the reproduc- 
tion of the spectra. The next one at 2845 is more prominent and is followed 
by two others at 2950 and 2975. The region between 3030 and 3300 is 
the one covered in detail by Robertson. Since in this region the general 
absorption is not strong, larger thicknesses could be employed with advantage. 
The flat plates in the collection were gripped by metal plates, and the light 
after being absorbed by the full length of the crystals (maximum 12 mm.) 
was studied as before. The bands could be recorded very strongly and a 
few representative photographs are reproduced in Fig. 2 (Plate I). All the 
bands reported earlier except a doubtful frequency at 3242 were confirmed, 
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and in addition it was found that three more similar bands were present at 
3340, 3383 and 3451. 


The region beyond these bands towards the visible was found by 
Robertson to be free from any absorption except for a rare instance of a 
band at 4156. As mentioned already Walter’s work gives indications of 
a general absorption in this region. The spectra obtained with the present 
collection of crystals showed that actually there were present a set of dis- 
crete, though, broad and diffuse bands in the region beyond 3600 up to 
4156, at which wave-length a sharp and strong band could be seen without 
difficulty in all cases. These bands can be seen in Fig. 2 (Plate I). Since 
the hydrogen discharge lamp has a number of lines in this region, an over-run 
tungsten filament lamp was also used for investigation of the details of these 
bands. 


These diffuse bands and the band at 4156 were remarkable in that, 
though they could be detected in every crystal, they were exceptionally strong 
in some cases. This aspect of the question is dealt with in a subsequent 
section, but since the existence of these frequencies is quite general, the 
frequencies are included in the summarised table of all the observed absorp- 
tion bands given below. 


A very weak and diffuse band in the visible region at 4730 correspond- 
ing to one at 4710 reported by Walter was found in two cases. Both these 
crystals were coloured yellow, and in other crystals they could not be 
detected under the most favourable conditions of thickness of absorbing 
material and source of light. This absorption is therefore considered un- 
usual and probably connected with the yellow colour, and is therefore not 
included in the table. 


The narrow bands referred to above were roughly 5 A in breadth and 
only in a few cases were they strong enough to be measured with a micro- 
meter. The wave-lengths of the weak bands estimated by comparison with 
the iron-arc spectrum taken side by side are correct to only 5 A, and the 
values are in reasonable agreement with available earlier values which are 
also given in the table. The diffuse bands on the other hand extend over 
20 to 30 A and the wave-lengths of the intensity peaks are of lesser accuracy. 
Since all the bands could not be recorded in one and the same picture, it 
was not possible to arrive at a reliable estimate of the relative intensity of the 
bands. Moreover, the relative intensity of different regions was found to 
be variable in different crystals and the relative intensities indicated in 
Table I are valid only in respect of neighbouring lines. 
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TABLE I 
Visible and Ultra-violet Absorption Frequencies in Diamond 
Walter Robertson Author 
etal 
20°C. —180°C. 25C. 255°C. 
AU. AU. AU. AU. em. 
2715 (v.f.) 36820 
2770(v.f.) 36090 
2845 (m.) 35140 
2950 (f.) 33890 
2975 (v.f.) 33600 
3037 3030 (m.) 32990 
3067 3060 (m.) 32670 
(3085)* 3070 3075 (f.) 32510 
3157 3154 3157 (s.) 31670 
3179 3172 3175 (m.) 31490 
3204 3200 3205 (m.) 31190 
3242* 
3302 3300 3306 (m.) 30240 
3340 (f.) 29930 
3380 3383 (m.) 29550 
3450 3451 (m.) 28970 
(3680) | 3680*(v.f.d.) (27170) 
3750 3760 (m.) 26590 
General absorp- 
tion Be 3840 3850 (m.) 25970 
3950 3950 (m.) 25310 
4040 4041 (m.) 24740 
4155 4153 4156 (s.sh.) 24054 
| 
*Very faint frequencies found only at liquid air temperature. In the table brackets indicate 
extremely faint frequencies whose measurements are uncertain. The sharpness and intensity are 
represented by the following abbreviations :—v.f., very faint ; f., faint ; m., medium ; s., streng ; 
p., diffuse ; and sh., sharp. 
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4. Influence of Temperature 


The effect of temperature on the absorption bands was studied at a low 
temperature by cooling the crystal with liquid air, and at higher tempera- 
tures up to 300°. For this purpose a crystal of suitable size was set in a 
copper rod, which was cooled down by immersion in liquid air. To prevent 
ice formation on the crystal during exposure, the end holding the crystal 
was enclosed by a long glass tube with quartz windows. For higher tempera- 
tures the rod was heated electrically and the temperature reached by the 
crystal was measured by a thermo-couple. 


The general effect of cooling the crystal is to increase the absorption 
in the whole region. The bands become considerably sharper at liquid air 
temperature and shift towards the ultra-violet to the extent indicated in 
Table I. The diffuse bands in the region between 3000 and 4000 become 
sharper at the edges and show the structure of the individual bands, the 
changes being quite parallel to the behaviour of the corresponding fluor- 
escence bands. 


The investigations were limited to only one thickness of crystal and the 
entire region could not be investigated by the use of different absorbing 
thicknesses as was possible at room temperature. The low temperature 
pictures were mainly helpful in confirming the presence of the diffuse band 
at 3680 and showing the finer details of the other diffuse bands. 


The first two pictures in Fig. 3 (Plate IT) show the spectra taken at room 
temperature and at liquid air temperature, side by side, using a Hartmann 
diaphragm with the same exposure time. The general increase of absorp- 
tion and the shift of the bands can be seen therein. The third picture is 
also at liquid air temperature, but with a greater exposure to bring out the 
bands which are not clear in the other picture. 


At high temperatures the bands lose their sharpness and intensity, and 
at 300° no sign of the discrete bands could be observed in any region. The 
behaviour of the 4156 band in absorption when the temperature is raised 
in small steps is illustrated in Fig. 4 (Plate II) and shows the shift and 
unsymmetrical diffusion of the band which is parallel to the behaviour of 
this band in fluorescence described in Part I. 


5. Absorption Intensity in Relation to Fluorescence 


The fact that the absorption band at 4156 is identical in wave-length 
with the principal fluorescent band suggests naturally that a basis for the 
variation of intensity of this absorption band indicated earlier, is to be 
sought for in the difference in fluorescence of the crystals. It was-seen from 
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the spectra of the crystals in the collection, that considering nearly equal 
thicknesses of crystals employed, the specimens showing strong fluorescence 
also showed strong absorption at 4156. This is clearly illustrated in the 
case of the spectra of D, and D, taken with nearly equal absorbing thick- 
nesses. These two diamonds have been compared quantitatively in respect 
of their fluorescence intensities in Part I, where it has been shown that D, 
is about 100 times stronger than D, in fluorescence. In Fig. 5 (Plate III) 
where the absorption spectra are reproduced, it can be seen at once that D, 
shows considerable absorption at 4156 while in the case of D, the intensity is 
negligible. The diffuse absorption bands also behave in exactly the same 
way as the 4156 band, showing strong absorption or weak absorption accord- 
ing as the crystal is highly fluorescent or weakly fluorescent. 


The group of sharp bands at the other extreme of ultra-violet trans- 
mission of which the one at 3157 is the strongest, behave in a different fashion 
from the above. A careful examination of the spectra of all the diamonds 
showed that though these bands are not affected to the same extent as the 
diffuse bands, there is a definite dependence of the sharpness and 
intensity of these on the fluorescence but in the opposite direction. The 
absorption spectra of the strongly fluorescent D, and weakly fluorescent D, 
with nearly the same thickness already referred to in Fig. 5, show that the 
narrow bands are a little more diffuse and fainter in the strongly fluorescent 
specimen. In the crystal D, which showed the strongest fluorescence and 
phosphorescence in the whole collection, a special search failed to reveal 
these bands with anything of their usual intensity and sharpness. Even at 
liquid air temperature where the bands increase in strength and sharpness 
only the vaguest indication of their presence was seen in the plates, 
showing that the factor which gives high fluorescence intensity has also a 
tendency to suppress these absorption bands. 


The group of lines between 3300 to 3450 however were seen in all the 


pictures with a slightly higher intensity in fluorescent crystals, but appeared 
to be more diffuse in such cases. 


The position regarding the influence of the fluorescing power of the 
crystals on absorption can therefore be summed up as follows: The band 
at 4156 and the diffuse bands are directly correlated in intensity with fluor- 
escence being strongest in the case of the most highly fluorescent crystals 
and weakest in the case where the fluorescence is negligible. The sharp 
band in the ultra-violet at 3157 and the neighbouring bands however are 
influenced in the opposite way, but to a lesser extent, being sharp and strong 
with weakly fluorescent crystals and fainter and more diffuse with highly 
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fluorescent specimens. The intermediate bands between 3300 to 3450 be- 
come slightly more diffuse when the fluorescence is very strong but the 
intensity appears to be a little more in such cases. The failure of Robertson 
et al to observe absorption on the long wave-length side of 3306 is intelligible 
when it is remembered that they specifically mention in their paper that 
the diamonds used by them were, as they supposed, free from fluorescence. 
In such cases of extremely weak fluorescence, these bands beyond 3300 can 
be detected only by using thick absorption layers. But there is no doubt 
that these frequencies appear in all diamonds and the behaviour as regards 
intensity is parallel to that of the fluorescence intensity. 


Anomalous dispersion in the region of absorption.—Since the highly 
fluorescent crystals exhibit very strong absorption at 4156, an attempt was 
made to study the dispersion in this region to see whether the crystal would 
show the so-called anomalous dispersion in the region of absorption. The 
well-known technique of crossed spectra was made use of for this purpose. 
Using a prismatic edge of a fluorescent diamond, the spectrum of a distant 
source of white light was thrown on the slit of a spectrograph. The diamond 
dispersed the light vertically along the slit, while the spectrograph prism 
dispersed it horizontally. Some slight evidence of an effect of anomalous 
dispersion was observed, but could not be considered conclusive owing to 
the imperfection of the dispersing edge of the diamond. An investigation 
with proper material would be worthwhile as it might be possible to esti- 
mate the number of dispersion electrons on the lines of the familiar experi- 
ments on sodium vapour and hydrogen. It is hoped to take up this question 
later. 


6. Relation of Absorption to Fluorescence 


The absorption and fluorescence frequencies coincide exactly at 4156. 
On looking at the diffuse absorption band system it is apparent that it 
appears symmetrical in its distribution about the 4156 band to the fluor- 
escent bands on the long wave-length side. That suchis the case is found 
on putting down the differences in frequencies from the 4156 band, when it 
is seen that every band in fluorescence has a corresponding absorption band 
in the ultra-violet displaced from 4156 by the same wave-number shift. In 
Table II below, the room temperature values of the frequencies in both 
absorption and fluorescence are given side by side with their differences 
from the principal band. The fluorescent bands are numbered as in Part I. 
In connection with the principal fluorescent bands givenin Table II, 
it should be remarked that the finer details of each of these bands are 
reproduced also in absorption. Proceeding from the principal line at 4156 
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TABLE II 


Fluorescence and Absorption Frequencies in Wave-numbers (room temp.) 
































Band No. iar Difference ———_ Difference 
| 
I 24050 sharp 24050 sharp 

II 23520 edge 530 24580 edge 530 

|23370 peak 680 24740 peak 690 

Ill \22790 peak 1260 25310 peak 1260 

'22700 edge 1350 25410 edge 1360 

IV 22150 1200 25970 1920 

V 121530 2520 26590 2540 

(27170) (3100) 











(24050 cm.-}), the second band in fluorescence starts with a somewhat sharp 
edge and the corresponding band in absorption has likewise a sharp edge. 
The third band is narrow compared with the second and has a double 
structure which is reproduced exactly in absorption. The remaining bands 
get progressively diffuse but within the limit of uncertainty involved in the 
measurements of the peaks, the wave-number shifts are identical. The last 
absorption band at approximately 3680 A, corresponds to the region of 
continuous spectrum in fluorescence in which there is a perceptible concen- 
tration of intensity between 4800 and 4900 A. 


The faint intermediate bands in fluorescence also have absorptions in 
their corresponding places. They are not included in Table II since the 
measurements were found to be too difficult to permit of any accuracy. 


The remarkable mirror-image symmetry of the system of absorption 
and fluorescence bands seen from the above table, is brought out in a strik- 
ing way by photographing the fluorescence and absorption side by side 
using a Hartmann diaphragm. Such a picture is reproduced in Fig. 6 
(Plate III). Since this was taken with a glass spectrograph, the extreme 
ultra-violet bands are not included, but the exact coincidence of the emis- 
sion and absorption bands at 4156, and the symmetrical distribution of the 
bands about this frequency are very well brought out. The higher dis- 
persion in the ultra-violet exaggerates the displacements on that side; a 
representation of these bands on a wave-number scale is therefore given 
also in a chart of frequencies, elsewhere. The second picture shows the 
effect of raising the temperature to 180°. Theabsorption band at 4156 
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broadens and shifts corresponding to the broadening and shift of the 
fluorescent band. The bands on the whole get diffuse, but the mirror- 
image symmetry continues to be preserved. 


7. Relation to Infra-red Frequencies 


The frequency differences of the bands from the 4156 band found in 
both fluorescence and absorption in the last section come out as 690, 1260, 
1920, 2540 and the last one approximately 3100. A search for the possible 
meaning of these figures showed that they bear a rough correspondence to 
certain infra-red frequencies found in diamond earlier by Robertson and 
others. Their work in this field is therefore worth a close examination. 


The absorption by diamond in the infra-red had been investigated by 
Angstrom (1892), Julius (1893) and Reinkober (1911). The conflicting results 
obtained by the different authors especially in regard to absorption in the 
8 region led Robertson, Fox and Martin to make a detailed search for 
the absorption frequencies with a number of diamonds. These authors 
were able to confirm the presence of bands reported earlier in the regions 
3p, 4-lu, 4:8 and Sy. The last mentioned band was remarkable, ac- 
cording to them, in its complete absence in some cases, and they were able 
to show that such crystals belonged to the type which is transparent to 
ultra-violet between 3000 and 2250. 


The main difference between Reinkober’s results and that of Robertson 
is the absence of any strong absorption in the 8y region in the former’s 
work. Robertson obtained an absorption of roughly 95% (neglecting loss 
due to reflexion) with a thickness of 1-08 mm. while Reinkober’s curve shows 
only minor fluctuations in this region of free transmission (about 70°) 
found by him, with a thickness of 1-26 mm. This is satisfactorily explained 
by Robertson as due to Reinkober’s diamond being of the transparent type, 
as the 8» band had been observed previously by Julius and Angstrom. 


Another notable difference was a sharp fall of about 7% at 14 in 
a region of 70% transmission noted by Reinkober which was not observed 
by Robertson. 


In the chart on page 12 giving the energy levels in both absorption 
and emission, these infra-red frequencies are shown on the left hand side 
in wave-numbers, starting from the 4156 band. The bands have a number 
of subsidiary peaks which are shown by thick lines in the diagram. 


Since all the crystals dealt with in this work are opaque to ultra-violet 
light beyond 3000, it is assumed that these crystals are in the class which 
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have an absorption at 8u. Reinkober’s frequency at 14 is included since 
it fits in with the other results. 


Since the diagram is on a wave-number scale a rough correspondence 
between the infra-red frequencies and the frequency differences of the ultra- 
violet bands is apparent. Neglecting the détails of the diffuse bands, the 
mean wave-numbers given on the left hand side of the diagram agree 
approximately with the wave-number differences marked on the right hand 
side. These figures are collected together in the Table below: 


TABLE III 





Frequency difference from 
4156 band 


Infra-red frequency 








Absorption} Fluorescence 





690 680 710 
1260 1260 1290 
1920 1900 2040 
2540 2520 2480 
(3100) - (3500) 











All the bands are broad and diffuse, and the widths of the bands are 
sufficient to accommodate the discrepancy. Even considering this factor, 
it is not safe to presume that the agreement is exact, but the band to band 
correspondence of the fluorescence and absorption frequency differences on 
the one hand and the infra-red frequencies on the other, cannot possibly be 
accidental. It is therefore reasonable to assume that these infra-red energies of 
undetermined origin found in diamond are of significance in fluorescence also. 


8. Explanation of the Mirror-image Symmetry of Absorption and 
Fluorescence 


The chart in Text-fig. 1 summarises the results of the spectroscopically 
determined energy levels in diamond. From what has been described in 
the previous pages, it follows naturally that 4156 and the system of diffuse 
bands belong to a category different from the sharp bands. The latter 
bands are due to the levels in the crystal as a whole, as they have been 
observed in all crystals by Robertson and co-workers, as well as by the 
present author, irrespective of the fluorescence of the crystals which influ- 
ences them only in a secondary way. 
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Energy Levels in Diamonds 


The 4156 band is directly related to the fluorescence and arises from 
the principal electronic transition associated with fluorescence. The probable 
origin of the active centre responsible far this is discussed in a subsequent 
section, but taking the 4156 band as the principal transition, it is to be 


considered how the symmetry pattern of absorption and fluorescence can 
be explained. 
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The scheme of energy levels that can give rise to such a pattern can 
be illustrated by the usual type of energy level diagram shown in Text-fig. 2. 
The principal line with frequency 24050 cm.-1 (A= 4156) arises from a transi- 
tion between an erergy level E and a higher level E’, and can occur either 


Vibrational 





levels 
4 
& 
Vibrational 
levels 
& 
Absorption Emission 
Fic. 2 


as an absorption or emission band of the same frequency. Associated with 
both levels we have further levels of the order of vibration frequencies. 
Transitions from the ground state of the lower level to the various upper 
levels would give rise to the system of absorption bands at 4156 and on 
the ultra-violet side of that band. But in emission, the transitions take 
place only from the ground state of the higher level E’ as is seen from the 
fact that there are no emission lines on the short wave-length side of 4156. 
A satisfactory explanation, why jumps from the excited states of the higher 
level are not found can be had, if it is remembered that the absorption and 
emission process is confined to certain localised centres. As has been shown 
before, the higher vibrational levels are identical or nearly identical with 
the infra-red levels of the lattice, and because of this, it is reasonable to 
suppose that the energy after absorption is taken up instantaneously by the 
whole lattice. The active centre therefore, by the time it radiates, will be 
in the ground state of the higher level, and transitions involving higher 
frequencies than 24050 are not possible. In falling back, the quantum 
excites the vibrational levels of the lower state and gives rise to fluorescence 
of the same frequency or lower frequencies. 


The relation of the absorption spectrum to that of fluorescence varies 
greatly in different substances. In alkali halide phosphors which have been 
very thoroughly investigated, the emission consists of narrow line-like bands 
in the visible and in the near ultra-violet, while the absorption which gives 
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rise to these lines, occurs very much farther in the ultra-violet in a number 
of comparatively broad bands. With uranyl salts, the absorption and emis- 
sion spectra consisting of a number of narrow peaks of somewhat sym- 
metrical pattern, overlap to some extent, showing the existence of transitions 
from excited levels of the higher state in emission. In chrome-activated 
phosphors the principal lines coincide in absorption and emission, but in 
general there is an overlapping of the absorption and emission spectra on 
the short-wave-length side of the principal lines. This is also true with 
respect to the great number of substances which give broad and diffuse 
spectra in luminescence and absorption. 


In the coincidence of the principal frequency and the perfectly sym- 
metrical distribution of combinational frequencies in absorption and fluor- 
escence about the principal line, the case of diamond appears to be in a 
class by itself. 


9. Probable Origin of Fluorescence in Diamonds 


In looking for the origin of fluorescence in a substance the question of 
impurities in the sense of foreign atoms has to be considered first. The 
problem is one of difficulty since a concentration of impurity much smaller 
than what can be detected chemically can give rise to considerable lumin- 
escence effects. The evidence therefore has to be mainly spectroscopic, and is 
further complicated because the emission of the free atom is altered in frequency 
when imbedded in the lattice and lines due to transitions forbidden by 
selection rules in the free atom also are capable of making their appearance. 
So far, the successful detection of impurities in certain crystals has been 
made by the deliberate addition of impurities and identifying the spectrum 
with that in the unknown case. Obviously such a procedure is not possible 
with diamond and we have to be guided by information from other sources. 


The chemically detected impurities in diamond, which occur in general 
as visible inclusions, are iron, titanium, magnesia, silica, and very often, 
graphite spots. There is no reason to suppose that any of the above 
elements can give rise to a single sharp line at 4156. Walter was led to 
suggest samarium as an impurity because rare earth salts are known to give 
sharp lines in fluorescence and absorption. The spectrum of samarium is 
now very well known, in absorption (Spedding, 1932) and in emission in 
its pure state as well as when it occurs es an impurity responsible for 
fluorescence (Pringshein, 1928; Randall, 1938). There is definitely no rela- 
tion between the spectrum of samarium occurring as sharp lines between 5600 
and 6500 and the fluorescent spectrum of diamond, nor could any re- 
semblance be found to the spectra of other probable rare-earth elements. 
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It is now a widely recognised fact that the presence of foreign atoms is 
not a necessary condition for fluorescence, but that the atoms of the crystals 
themselves might, under certain circumstances, behave as active centres. 
Such conditions occur when there are interstitial atoms between fully occu- 
pied positions in the lattice, vacant positions and distortions of the lattice, 
or when electrons are transferred from one atom of the lattice to another. 
Disturbances of these types are definite possibilities in diamond considering 
the formation of the crystals at high temperature and pressure. Imperfect 
crystallisation is very common, the so-called ‘“‘black diamonds” forming 
a gradation of imperfectly formed crystals ranging in hardness and density 
from those of diamond to those of graphite. One of the important results 
described in Part I was the fact that fluorescence in different crystals can 
vary to an enormous extent but that the 4156 band was present in all cases. 
The strength of this band, whether found in fluorescence or absorption was 
also shown to be entirely independent of the colour or visible inclusions in 
the crystals. It is therefore thought extremely improbable that any im- 
purity, unless it be carbon itself, could be present in all crystals and by its 
variations of concentration give rise to the extreme differences found be- 
tween the specimens. On the other hand, in view of the evidence for 
imperfect crystallisation, the wide variation of intensities can be satis- 
factorily accounted for on the supposition that lattice defects of the type 
indicated earlier are present in varying degrees in different diamonds. 


10. Absorption in Relation to Electronic Structure 


The electronic levels in crystals have in recent years been worked out 
in a few cases on the band theory of solids. The discrete levels in free 
atoms become spread out into bands when the atoms are bound together 
by crystalline forces and phenomena like absorption, conductivity and 
luminescence can be explained in a general way according to the filling by 
electrons of various energy bands. In connection with the investigation 
described in this paper, it is necessary to draw attention to a calculation 
of the energy states of diamond made by Kimbail (1935), which seems to 
have been accepted as correct, at least as far as it applies to the ideal diamond 
lattice. According to this author the 2s and 2p levels of the carbon atom 
become spread out into broad bands in diamond, of which, the lower level 
is completely filled. The scheme of levels given by Kimball does not show 
any possibility of absorption of light in diamond, as the transition from 
the lower filled band to the band lying above it would require more energy 
than the ionisation potential of carbon. That the experimental facts are 
entirely otherwise has been shown in the course of this paper. Actually 
there is strong absorption up to 3000 A in the ultra-violet and numerous 
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discrete bands in one type of diamond, and in another type, according to 
Robertson, absorption in the region of 2250 A. These observations can only 
be explained by assuming that diamonds do not conform to the geometrically 
ideal structure, but that there are certain well-defined types of lattice disturb- 
ances which bring about a modification of the electronic levels. Between 
the 2 s and 2 p bands as present in the ideal lattice, the existence of subsidiary 
levels of the order of 3 to 4 e.v. are definitely indicated, and it is hoped that 
the experimental values will be of help in making a recalculation of the 
energy states. 


It is necessary to stress that imperfections of a very slight nature are 
sufficient to bring about such changes. The alkali halide crystals are instruc- 
tive examples of how slight disturbances of the lattice give rise to new inter- 
mediate levels. These crystals are normally completely transparent to the 
entire visible and ultra-violet up to the Schumann region, but lattice imper- 
fections deliberately brought about by suitable heat treatment causes entirely 
new absorptions to appear. 


Information already available from other sources like light-scattering, 
infra-red and X-ray structure also support these ideas. It is proposed to 
discuss these results with further experimental observations later on. 


The author is thankful to Prof. Sir C. V. Raman for the loan of the 
crystals and for helpful advice and suggestions in this work. 


17. Summary 


This paper deals with the absorption of light by diamonds in the 
visible and ultra-violet regions, and is to be regarded as a continuation 
of earlier investigations on luminescence having a direct bearing on the 
results of this paper. 


The absorption in the ultra-violet in all the crystals was found to be 
almost complete at about 3000 A, but a weak transmission was observed 
up to 2700 A. The spectrum shows narrow line-like bands extending from 
2700 to 3400 together with a system of diffuse bands extending from 3600 
to longer wave-lengths terminating in a sharp and intense band at 4156. 


All the bands were found to sharpen and shift towards the ultra-violet 


at low temperatures. At higher temperatures they become progressively 
diffuse and practically disappear at 300°. 


In the region of narrow bands, several new frequencies have been 
found in addition to those reported earlier by Robertson, Fox and Martin. 
The factor which is responsible for strong fluorescence in some crystals 
is found to have a tendency to suppress the narrow bands. 
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Effect of low temperature on absorption 


Fig. 3 
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Absorption in relation to intensity of fluorescence 


Fig. 5 
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The diffuse band system was found to be directly related in intensity 
to fluorescence, being intense in strongly fluorescent crystals and vice-versa. 
The absorption and fluorescence frequencies coincide exactly at 4156, and 
the other diffuse bands are distributed with perfect mirror-image symmetry 
about this line, with absorption on the short wave-length side and fluor- 
escence on the long wave-length side. 


The wave-number differences of the absorption and fluorescent bands 
from 4156 were found to be nearly equal in frequency to the weak infra-red 
absorptions known to be exhibited by diamonds. 


The symmetrical pattern of absorption and fluorescence is explained 
by considering 4156 as the principal electronic transition of the active centre 
in diamond luminescence, and the diffuse band system as arising out of com- 
binations with lattice vibration frequencies. The absence of overlapping of 
emission and absorption spectra except at 4156 is explained as due to the 


fact that higher vibrational energies are instantaneously taken up by the 
entire lattice. 


The probable origin of the sharp band at 4156 is discussed with reference 
to possible impurities and it is suggested on the basis of the available 


evidence that local imperfections of the lattice are responsible for the active 
centres, 


The features of the absorption in diamond observed by the author 
and earlier workers are shown to be inconsistent with the electronic energy 
levels obtained from the theoretical calculations of Kimball. This is pointed 
out as showing that crystals do not actually conform to the ideal lattice, 
and that a certain secondary structure brings about new intermediate levels. 
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THE condensations of several aromatic aldehydes with about five of the 
common acid amides have already been reported with certain peculiarities 
of each. Thus the condensations of salicylaldehyde (Sodhi') showed the 
great effect of a trace of pyridine in the condensations, as not only did it 
give larger yields than what were obtained by other methods, but so far the 
yields from salicylaldehyde have been the highest produced from any other 
aldehyde, being often almost quantitative. The condensations of m-hydroxy- 
benzaldehyde (Mehra*) with the same amides present a sharp contrast, as the 
organic base did not materially increase—it even caused some resin-formation 
—and the yields were uniformly poor and were actually nil with formamide 
and acetamide. In the case of p-hydroxy-benzaldehyde (Manzur’), the yields 
again increased, being very nearly as good as those obtained from salicyl- 
aldehyde, pyridine again playing some part, though not as great, in increasing 
the yields. All the products from these three sources were, however, quite 
similar, chemically and physically: physically they looked like ‘ organic 
glass’, did not always give a good melting-point, though they analysed well, 
had a very limited solubility in the ordinary organic solvents and were more 
or less coloured. Chemically they were all of the benzylidene-mono-amide 
type, instantly decolorising Baeyer’s reagent and bromine in solution, and 
giving characteristic colorations with concentrated sulphuric, and, often, 
with concentrated hydrochloric acid. 


When next the methyl ethers of the three aldehydes were submitted to 
condensations with the same amides, there was a considerable difference, 
both in the nature and in the quantity of the condensation-products. Forma- 
mide did not condense with any of the three, and the other amides gave in 
all cases products that were saturated, that were of the benzylidene-bis-amide 
type, which crystallised and melted well, and the yields of which were either 
unaffected or unfavourably affected, by the presence of an organic base. 
The, yields, though not bad, never exceeded 60% of theory (Mehra‘). 
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It became a matter of interest to find out how piperonal would behave, 
because it is also a derivative of a dehydroxy-aldehyde, but with the two 
hydroxy groups replaced by one methylene-dioxy group instead of the two 
methoxy groups. 


The condensations of piperonal with amides have not been met with 
in literature, and in this paper are presented the results of the condensations 
of piperonal with eight different amides. The products obtained are in a 
line with those obtained from the three methoxy-benzaldehydes, i.e., they 
are all of the benzylidene-bis-amide type, all well-crystallysable high-melting 
substances, almost all colourless, and came out best when piperonal and the 
amide were heated alone, without pyridine. Here also formamide did not 
condense, though a variety of different conditions were tried. The yields 
were on the whole good: the lowest was 38% (with propionamide) and 
the highest 77% (with heptamide). 


In the first condensation, different conditions have been tried, while in 
the case of the succeeding ones only the more promising conditions have 
been applied. 


On the whole the aldehyde-amide condensations offer certain interesting 
but obvious contrasts in results as well as in the influence of the substituent 
groups with the aldehyde-malonic acid condensations that have been already 
reported in several parts.® 


Experimental 
Condensation with Benzamide— 


(i) Without any Condensing Agent.—(i) 1-5 g. piperonal pure and 1-21 g. 
benzamide (1/100th mol. each) were taken in a round-bottomed flask of 
about 50 c.c. capacity, well mixed and heated on the water-bath for three 
hours without a condenser. The whole mass melted to a chocolate-coloured 
liquid and some water-vapours were given out. It was then allowed to cool 
overnight; the solid mass was washed next morning with alcohol to remove 
the unreacted aldehyde and amide, and the white residue left was found to 
melt at 214°C. to a brownish liquid. This melting-point, which was so 
much higher than that of the amide or of the aldehyde, indicated that it was 
a condensation-product. On recrystallisation from alcohol, the m.p. rose to 
221°. The yield was poor. 


(ii) The same experiment was repeated but the heating was continued 
a little longer (five hours); the crude product melted at 215° and the yield 
was 1-4g. The product had solidified during the heating. 
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(iii) The heating temperature was now 110-20° (oil-bath). The crude 
product was much cleaner, melted at 220°, melted after recrystallisation at 
222°, and weighed 1-5 g. 


(iv) The oil-bath temperature was kept at 130-40°C., but this made 
the product reddish, gave a lower melting-point 216° (crude) and decreased 
the yield to 1-2 g. 


(v) The molecular proportions were now 1:2 mol., i.e., 1-5 g. of the 
aldehyde and 2-42 g. of the amide were used. The heating at water-bath 
temperature was continued for five hours. The yield was poor, only 1-1 g. 
Much of the benzamide remained unacted. 


(vi) The same quantities were heated on the oil-bath at 125-30° for six 
hours, and the yield increased to 2:4 g., whichis 64-17% of the theoretical, 
This was the best yield obtained. 


(ii) In the Presence of Various Condensing Agents.—1-5 g. of piperonal, 
1-21 g. of benzamide and 0-1 c.c. of pyridine (1: 1: 0-12 mol.) were heated 
on the water-bath for five hours. The reacting mass did not resolidify 
during the heating, but was found solid next morning. The crude product 
was very impure (m.p. 203°) and the yield only 0-4 g. 


When fused sodium acetate was tried (according to the method of 
Cebrian,®’ and Titherley and Marples) in 1:1: 1 mol. proportions, under the 
same conditions as above, the product was very much coloured, melted 
(crude) at 205°, (purified) at 221°, but weighed only 0-1 g. 


Acetic acid was tried as the condensing agent (according to the method 
of Noyes), the substances being in the proportion of 1: 1: 0-2 mol., the heat- 
ing being for five hours on water-bath. The yield was 0°8 g. 


The condensation-product after purification came out as colourless 
micro-crystals, needle-shaped, and melting at 222°. It was also soluble in 
acetone from which it could also be crystallised, though alcohol is a much 
more suitable solvent. It is only slightly soluble in the ordinary organic 
solvents like benzene, ether and chloroform. It did not decolorise Baeyer’s 
reagent nor bromine in chloroform. It gave a yellow coloration with con- 
centrated sulphuric acid, which on a gradual addition of water produced 
a violet ring, and the whole solution became deep brown on shaking. 


Nitrogen, found 7:34%, 7-48%; piperonyl-bis-benzamide, C,.H,,0,N, 
requires 7-48%: the corresponding monoamide requires 5-53°%. 


About 1 g. of the bisamide and about 15 c.c. of 2N sulphuric acid 
were refluxed in a flask for about one hour. The solution was filtered hot 
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and gave on cooling, crystals of benzamide, identified by the melting-point, 
Piperonal was identifiable by its characteristic fragrant smell. 


Condensation with Acetamide— 


3 g. piperonal and 2-4 g. acetamide (1: 2 mol.) were heated as usual on 
a water-bath for five hours. The reacting mass melted to a chocolate- 
coloured liquid but solidified to a cake after 3-5 hours’ heating. The usual 
treatment gave a white crystalline product: m.p. 229° (crude), 235° (recrystal- 
lised). The yield was poor. 


The same experiment was repeated at 120° (oil-bath), and produced an 
yield of 0-8 g. 


As a good deal of acetamide had sublimed away during these two 
experiments, in the third experiment an air-condenser was attached to the 
flask in which the two were being heated, and the heating was carried on for 
six hours at 120-25° (oil-bath). The crude product melted at 234°: yield 
2-1 g. or 42% of theory. 


When, in another experiment, the heating was for only 30 minutes and 
by means of a low free flame, the reacting mass resinified and was mixed with 
a lot of tarry matter, from which nothing useful could be extracted. Higher 
temperatures are clearly detrimental. 


The product crystallised out from hot alcohol in white long silky needles, 
melting at 237-38°. It was more soluble in hot alcohol than the corres- 
ponding benzamide condensation-product. All the other properties of this 
were identical with those of the latter, only with strong sulphuric acid 
it gave a deep colour after some time, and on the addition of water, it gave 
a violet ring which changed to a violet solution on shaking. 


Nitrogen found 11-17%; piperonyl-bis-acetamide C,,H,,0,N, requires 
11-20%: the mono-compound requires 7:33%. 


Condensation with Propionamide— 


1-5 g. piperonal and 0-73 g. of propionamide (1:1 mol.) were heated on 
water-bath as before for four hours. The mixture first melted and then set 
to a hard mass. The white product taken out of it as usual melted at 223°. 
The yield was very poor. 


The reacting proportions were then changed to 1:2mol. 1:5g. 
piperonal and 1-46 g. propionamide were heated on a water-bath for ten 
hours. The product weighed 1-0g., melting at 225° (recrystallised from 
hot alcohol). 
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The same amounts as in the second experiment were heated at 120-25° 
(oil-bath), but the product taken out weighed 1-0 g. only: this was the highest 
yield, equal to 36% of theory. 


In another experiment the same amounts were heated in the same way, 
but for 10 hours: the yield did not improve, as it was 0-9 g. Its colour also 
was an indication of impurity. 


The product was easier to recrystallise from hot alcohol than the two 
earlier products: white silky needles, m.p. 225°. Its other properties were 
similar to those of the two preceding compounds: only with strong sulphuric 
acid it gave a pale yellow colour which changed to green on standing. On 
the addition of water, the usual violet ring was formed at the inter-surface 
of the two liquids, but this on shaking coloured the whole solution violet, 
and then immediately black. 

Nitrogen, found: 10-12%; piperonyl-bis-propionamide C,,H,,0,N, 
requires 10-07%: the mono-amide requires 6-83 %. 


Condensation with Formamide— 


(i) 3-0g. piperonal and 1-8g. formamide (1:2 mol.) were heated 
in a flask fitted with an air-condenser for five hours over a water-bath. The 
mixture remained in the liquid condition all through. At the end, it was 
cooled and added to a large quantity of water, when only piperonal 
separated out. 


(ii) The same quantities were taken, but the heating was done for ten 
hours on an oil-bath at 130°. The mixture remained a liquid, and when a 
test portion was taken out and poured into water, only piperonal was 
obtained. The remaining portion was then heated again for another five 
hours at 150°. The mass had however resinified and nothing could be 
separated from it. 

(iii) 1-5 g. piperonal, 0-9 g. formamide and 0-1 c.c. pyridine (1:2: 0-12 
mol.) were heated together at 130° for five hours. At the end, most of the 
piperonal was recovered when the mixture was poured into water. 


It was evident that neither temperature nor pyridine induced the 
condensation in this case. 


Condensation with Phenylacetamide— 


(i) 1-5g. piperonal and 2-7 g. phenylacetamide were heated together 
for five hours on a water-bath (1:2 moles.). After about two hours the 
molten mass set to a hard mass. Washed with alcohol at the end, the yield 
was poor, the crude product melted at 219°, and the purified one at 234°, 
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(ii) The heating was done at 120—25° in an oil-bath for five hours. The 
crude product melted at 220° and weighed 2-0 g. (about 50% yield). 


(iii) The temperature was now 125-30°, all other conditions being the 
same as in (ii). The product weighed 2-2g. or 54:7% yield, and melted 
at 220°. 


When taken out from hot alcohol, piperonyl-bis-phenylacetamide came 
out in very small colourless needles, melting at 224°. It was less soluble 
in the organic solvents than the products obtained from acetamide and 
propionamide: it was very little soluble in benzene, ether, etc. 


It had no effect on Baeyer’s reagent or on bromine in carbon tetra- 
chloride. It gave a yellow colour with concentrated sulphuric acid, which 
deepened on standing and changed to brown: on the addition of water a 
violet ring was formed at the interface of the two liquids, while the solution 
became deep brown when shaken. 


Nitrogen, found=7-19%: piperonyl-bis-phenylacetamide C,,H..0,N, 
requires 6-97%, the mono-formula would require 5-24%. 


Condensation with Cinnamamide— 


The cinnamamide (prepared in the laboratory from cinnamic acid, and 
melting at 147°) 2-94 g. and piperonal 1-5 g.(1:2 mol.) were heated together 
at 120° (oil-bath) for six hours. The product was extracted with alcohol. 
The crude piperonyl-biscinnamamide melted at 238°. When crystallised 
several times from alcohol, and then three times from pyridine it melted 
finally at 248°. It weighed 3-5¢., i.e., was 81-9% of theory. The white 
silky needles gave a deep yellow colouration with concentrated sulphuric 
acid. 


Nitrogen, found: 6°65%, the bis-cinnamamide C,,H,.0,N. requires 
6°57%. 


Condensation with n-Butyramide— 


1-5 g. piperonal was heated with 1-74 g. n-butyramide in an oil-bath 
at 115-20° for seven hours. The reacting mass had solidified after about 
3-5 hours and the heating was stopped after another 3-5 hours. The product 
taken out in the usual way came out in white needle crystals (hot alcohol) 
melting at 208°. Yield=1-7g. or 55-6% of the theoretical. It also gave 
a yellow coloration with strong sulphuric acid. 


Nitrogen, found : 9:40%; the piperonyl-bis-butyramide C,,H,.O,N, 
requires 9-15%. 
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Condensation with n-Heptamide— 


0-75 g. piperonal and 1-29 g. n-heptamide (1:2 mol.) were heated at 
115-20° for seven hours. The mass which was liquid for three hours set 
in to a solid afterwards. The product, long white crystals (hot alcohol) 
melted at 163° and weighed 1-5g. The yield was thus= 76-9% of theory. 


Nitrogen, found : 7:67%: the piperonyl-bis-heptamide requires 7-18%. 
Summary 


Piperonal condenses best when heated without any other condensing 
reagent, with seven of the common amides, giving characteristic piperonyl- 
bisamides. It does not condense with formamide. 
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In Part VII of the series have been described the condensations of piperonal 
with eight of the common acid amides, of which one formamide did not 
undergo condensation. Wondering whether the introduction of any active 
group on the ring of the aromatic aldehyde would have any observable 
influence on the condensations of piperonal with these amides, simple deri- 
vatives of piperonal with an active substituent were considered desirable for 
a trial. Two of these are available and very easily prepared from the aldehyde 
itself, viz., 6-nitro-piperonal and 6-bromopiperonal. In the present paper 
are described the experiments made to bring about the condensations of 
these eight amides with 6-nitropiperonal. 


As in the case of unsubstituted piperonal,! nitropiperonal is found not 
to undergo any condensation with formamide, the simplest, and perhaps 
the most extraordinary, of the amides. Unexpectedly, the yields with propio- 
namide, benzamide and phenylacetamide are poor, while the yields with the 
remaining amides are above 50%, the highest being with cinnamamide, which 
is found to be 83% of theory, which is indeed higher than any yield obtained 
also from piperonal and any of the amides. Chemically the products are 
of the same type, viz., the 6-nitro-piperonyl-bisamide, and share the pro- 
perties of the piperonal-analogues already described. Pyridine or any other 
organic base was not used. 


Experimental 


Preparation of 6-Nitropiperonal.—The following was found to be the best 
method of preparing it and gave nearly theoretical yields. 10g. of piperonal 
were slowly added, in the course of 15 minutes, to 20 c.c. of nitric acid 
(density about 1-4), and left at room temperature for another ten minutes. 
(It is important that during the addition the temperature should not rise 
above 45°.) Water was then added, when soild nitro-piperonal came out 
in yellow crystals. Though described as ‘tolourless needles from water’, 
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the substance is really very susceptible to the influence of light, and becomes 
yellow, as observed by Fittig and Remsen.? Indeed the description of 
F. M. Perkins* is more true, as the compound changes from *« pale yellow 
to intense, most brilliant yellow on the surface ’’: m.p. 95°. 


Attempted Condensation with Formamide.—The 6-nitropiperonal, 1-0 g. 
was mixed with 2g. of formamide (1:2 mol.) and the mixture kept on a 
water-bath at 110—15° for 24 hours. Even then no solid separated and the 


whole mass remained liquid. On the addition of water, the aldehyde came 
out unchanged. 


Condensation with Acetamide.—1-95 g. aldehyde and 1-2 g. acetamide 
were heated on an oil-bath at 110-15° for six hours. After two hours a 
solid began to set in. The product was taken out in the usual way and 
crystallised from alcohol-pyridine mixture as very pale yellow needles, melting 
at 235°. Yield 1-8 g. or 61% of theory. With concentrated sulphuric acid 
it gave a yellow coloration, which was changed to pale yellow on the 
addition of water. 


Nitrogen, found 14-30%: the 6-nitropiperonyl-bisacetamide C,,H,,0,N; 
requires 14-24%. 


Condensation with Propionamide.—3 g. aldehyde and 2-2g. propion- 
amide (1:2 mol.) were heated at 110-15°. After six hours even the reacting 
mass remained liquid, showing that the condensation was taking place very 
slowly or not at all. Heating was continued for 18 hours when the mass 
solidified. The product was treated as usual, and after repeated crystallisa- 
tions the melting-point rose to 212° and the substance came out as 
pale yellow micro-crystals. The yield was about 15%. With concentrated 
sulphuric acid it gave a yellow coloration, which became faint on the addition 
of water. 


Nitrogen, found 12-96%: the 6-nitropiperonyl-bispropionamide 
C,,H,,0,N; requires 13-00%. 


Condensation with n-Butyramide.—1-95g. the aldehyde and 1-74g. 
n-butyramide were heated at 110-15° for 10 hours. The product was washed 
with ether to remove the unreacted aldehyde and then it melted at 190°. 
Recrystallised from alcohol, it came out in pale buff-coloured micro-needles, 
melting with decomposition at 209°. With concentrated sulphuric acid it 
gave a yellow coloration, but when water was added a little turbidity was 
seen and a fine violet ring formed at the surface of the mixture: on shaking 
and thoroughly mixing, both disappeared, leaving only a very pale yellow 
coloration. The yield was 2g., or 57% of theory, 
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Nitrogen, found 12-33%: the 6: nitro-piperonyl-bis-n-butyramide 
C,,H2,0,N; requires 11-96%. 

Condensation with n-Heptamide.—0-98 g. of the nitropioperonal and 
1-29 g. of n-heptamide (1:2 mol.) were heated at 110-15° for 10 hours. 
The mixture remained liquid for nearly six hours, after which solidifications 
set in. The product was washed with alcohol, and in the crude condition was 
brown in colour. Recrystallised from hot alcohol, it came out in pale 
lemon-coloured needles, melting at 185°. The yield was 1-2 g. or 55% of 
theory. It gave a reddish yellow coloration with concentrated sulphuric 
acid, which on the addition of water became turbid with a violet-coloured 


ring: all this disappeared on shaking when only a yellow coloured solution 
remained. 


Nitrogen, found 9-80%: the nitropiperonyl-bis-heptamide C,.H;,0,N; 
requires 9-65%. 

Condensation with Benzamide——0-98 g. of the aldehyde and 1-31 g. 
benzamide (1:2 mol.) were heated at 110-15°: after three hours the mass 
became solid, and the heating was continued for another three hours. The 
product was then taken out, well washed with alcohol and the bisamide 
crystallized from pyridine from which it came out in pale yellow needles, 
melting at 248°. The yield was only about 25% of theory: higher tempera- 
tures for the condensation were tried, but they produced resinous substances. 
With concentrated sulphuric acid, it gave an orange coloration, which deepen- 
ed on keeping, but which, on the addition of water, changed to a pale yellow 
as usual. 


Nitrogen found = 10-46%: the nitropiperonyl-bis-benzamide C,,H,,O,N; 
requires 10-02%. 


Condensation with Phenylacetamide.—1-95 g. of the aldehyde and 2-7 g. 
of phenylacetamide were heated together at 110-15° for six hours. The yield 
was poor about 10%. The product, crystallized from pyridine, was very 
pale yellow, in fine needles, and melted at 231°. With concentrated sulphuric 
acid it gave an orange-yellow coloration, which became yellow when water 
was added. 


Nitrogen found = 9-8% : nitropiperonyl-bis-phenylacetamide C,,H.,O,N; 
requires 9-4%. 

Condensation with Cinnamamide.—2-0 g. nitropiperonal and 3-0g. cin- 
namamide (1:2 mol.) were heated for six hours at 110-15°. The condensation 
was quicker than before, and the yield 3-9 g. or 82-7% of theory was the best 
so far obtained, Crystallised from pyridine, the product, which was pale 
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yellow needles, melted at 232°. With strong sulphuric acid it gave a very 


rich orange coloration, which changed into deep yellow, when water was 
added. 


Nitrogen found = 9-32%: nitropiperonyl-bis-cinnamamide C,,H,,0,N; 

requires 9-92%. 
Summary 

The condensations of 6-nitropiperonal with amides have been studied. 
The products are in their properties in a line with the products obtained 
from piperonal itself. In the case of acetamide and cinnamamide the yields 
were distinctly higher than they were with piperonal: in other cases the 
reaction was distinctly slower and gave lesser yields. 
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BuTRIN which was isolated by Lal and Dutt! from the flowers of Butea 
frondosa exhibits exceptional properties. Unlike the other flavanone glyco- 
sides, it contains no rhamnose unit and is remarkable for its sparing solubility 
in organic solvents and considerable solubility in water. In aqueous or 
alcoholic solution it gives no colour with ferric chloride. Its constitution 
is, therefore, of special interest in connection with the work on glycosides 
which is in progress in these laboratories. 


The formula of butrin, C,,H;.0,;, indicates that it is a diglucoside and 
this has been confirmed recently by the estimation of the glucose and the 
aglucone obtained by acid hydrolysis.2. In an attempt to establish the con- 
Stitution of butrin, Lal? subjected the glucoside suspended in ethyl alcohol 
to ethylation with excess of ethyl iodide and potassium carbonate. He 
claimed to have isolated a colourless O-diethylbutrin and an isomeric bright 
yellow product, and therefore concluded that butrin was a bioside, the sugar 
group occupying only one hydroxyl group of butin. 


For the present investigation diazomethane was chosen for the methyla- 
tion of the glucoside since (a) it would not open up the pyranone ring 
because of its mild nature and (bd) there is no hydroxyl group in position 5 
to offer resistance to methylation by this reagent. The reaction was carried 
out in aqueous methyl alcoholic solution of the substance, and the product 
was found to be a monomethyl butrin. When reduced with magnesium and 
concentrated hydrochloric acid, it gave a bright pink colour, indicating the 
presence of the flavanone structure. Further it was not Soluble in dilute 
alkali, thereby showing the absence of any free phenolic hydroxyl group. 
By the hydrolysis of the methylated glucoside with dilute acid in order to 
remove the sugar residues, an extraordinary result was obtained. The 
resulting methyl ether (I) gave no prominent colour when treated with 
magnesium and hydrochloric acid, and with ferric chloride produced a 
marked olive brown, characteristic of butein. It was, therefore, concluded 
that during hydrolysis complete rupture of the pyranone ring had taken 
place.t With a view to identify the monomethyl ether thus obtained, 
it was subjected to oxidative degradation with alkali and thereby 
isovanillic acid was produced. It should, therefore, be 4’-O-methylbutein. 
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In order to establish its identity further, a sample of 4’-O-methyl- 
butein (II) was synthesised by condensing resacetophenone and 
isovanillin in the presence of alkali. Though the sample (I) obtained 
by the hydrolysis of the methylated butrin agreed closely in its 
Properties with the synthetic 4’-O-methylbutein (II), it melted lower. 
This discrepancy which first offered great difficulties in the inter- 
pretatiqn of the results became explicable, when it was realised later during 
a subsequent repetition of the experiment that (I) contained small quantities 
of a more easily soluble fraction (III) which differed from the major part 
in (a) giving no colour with ferric chloride and (6) producing a pink colour 
when treated with magnesium and hydrochloric acid. (III) was, therefore, 
a flavanone derivative. It was identified as 4’-O-methylbutin by taking the 
mixed melting point with an authentic sample obtained by heating the 
synthetic 4’-O-methylbutein (II) with dilute sulphuric acid for a number of 
hours. After the removal of this fraction, sample (I) melted correctly at 
206-08° and the mixed melting point with (II) was undepressed. 


From the above results the conclusion is inevitable that butrin is a 
dimonoside of butin, bearing the two glucose units in 3’ and 7 positions (IV). 
This explains the non-production of any colour by the glucoside with ferric 
chloride, the formation of only a monomethy] derivative (V) on methylating 
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the substance with diazomethane and the production of the monomethyl 
ethers of butin and butein and of isovanillic acid by degradation. 


It may be interesting to note here that during the course of this methyla- 
tion no methyl groups entered the sugar nuclei, as had been found to take 
place in some other cases. Further the hydrolysis of the methylated gluco- 
side with acids has led to the formation of the butein compound in much 
larger proportion than has been found with butrin itself.? 


The most important outcome of the present investigation is (1) that 
butrin is the first instance of an anthoxanthin containing two sugar groups 
in two different positions, though such cases are very common in antho- 
cyanins and (2) that it is the first example for the occurrence of a glucose 
unit in the side phenyl nucleus in both anthoxanthins and anthocyanins. 
Another case wherein the side phenyl nucleus carries the sugar residue has 
also been recently discovered by us (unpublished work), thus showing that 
such type of glucosides is more common than originally imagined. 


Experimental 


The dried flowers of Butea frondosa were coarsely powdered and 
extracted in batches with methylated spirit. The total alcoholic extract was 
then distilled to recover the solvent and the concentrate was filtered, while 
still hot, through a fluted filter to remove the wax and the resin that sepa- 
rated out and then left for a week. At the end of this period, a crystalline 
solid along with some brown resin and wax was deposited. The contents 
were filtered and the residue washed with methylated spirit till it became 
lemon-yellow in colour. This crude product readily dissolved in boiling 
methyl alcohol, and when the solution was allowed to stand overnight, a 
pale yellow crystalline solid separated out. It was filtered and subsequently 
boiled with excess of methyl alcohol. This time, however, very little of the 
solid went into solution, as it was almost pure. It was once more boiled 
with excess of fresh methyl alcohol to completely remove the impurities and 
filtered. The substance was obtained by this procedure as almost colourless 
needles melting at 193-94° (decomp.). It was soluble in water and the 
aqueous Solution did not develop any colour when treated with a drop of 
ferric chloride. A small part was dissolved in water, excess of concentrated 
hydrochloric acid added and then treated with magnesium powder, when 
a beautiful pink colour was produced. 


Preparation of 4'-O-methylbutrin— 


Butrin (3 g.) was dissolved in 80% methyl alcohol (200 c.c.) and treated 
with a large excess (10g.) of diazomethane in ethereal solution in small 
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quantities. The contents were shaken vigorously after each addition. As 
soon as diazomethane was added, the solution became cherry red and the 
evolution of a small amount of gas also took place. Even during the course 
of the addition, a colourless crystalline solid began to separate out. The 
contents were left overnight to enable the reaction to be completed. The 
ether and the excess of diazomethane were then expelled from the reaction 
products and the colourless crystalline solid filtered. It was very sparingly 
soluble in methyl and ethyl alcohols, moderately soluble in glacial acetic 
acid and freely in boiling water or dilute acetic acid. From dilute acetic 
acid solution, it crystallised as colourless needles melting at 230-32°. It 
was not soluble in cold aqueous alkali and did not give any colour with 
ferric chloride. When reduced with magnesium powder and hydrochloric 
acid as already described, it developed the pink colour characteristic 
of flavanones. The yield of the pure product was 2 g. (Found 
in the sample dried in vacuo at 130-40°: C, 54-6; H, 5-3; OCH, 5-0; 
C,,H3,0,,-OCH; requires C, 55-1; H, 5-6; OCH; 5-1%.) 

Hydrolysis of Methylbutrin— 


Experiment 1.—Methylbutrin (0-5 g.) was treated with 7% sulphuric 
acid (25 c.c.) and the mixture boiled under reflux on a wire-gauze. The solid 
went into complete solution within 5 minutes and after about 45 minutes, 
some yellow solid separated out giving rise to bumping. However, the heat- 
ing was continued for 2 hours to complete the hydrolysis. The contents 
were then cooled and filtered. The residue was purified by crystallisation 
from dilute acetic acid. It was deep yellow in colour and produced an olive 
brown colour when treated with ferric chloride in dilute alcoholic solution. 
When reduced with magnesium and concentrated hydrochloric acid, it did 
not give the brilliant pink colour characteristic of flavanones. (Found: 
OCHs, 11-2; C,;H,,O,OCH; requires OCH3;, 10-8%.) The substance melted 
at 196-98°. 


Oxidative Degradation of the Above Product: Isolation of Isovanillic Acid— 


The substance (0-5 g.) was treated with 50% potash (20 c.c.) in a silver 
flask and heated under reflux for 6 hours. At the end of the period, the 
clear alkaline solution was acidified with hydrochloric acid and extracted with 
ether. From the ether solution an acid melting at 253-55° was obtained. 
It was found to be identical with isovanillic acid. 


Experiment 2.—(a) Preparation of 4’-O-methylbutein: The hydrolysis of 
the methylated glucoside was carried out as already described. After the 
heating was over, the contents were immediately filtered hot and the filtrate 
allowed to cool. The residue was crystallised from dilute alcohol and was 
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obtained as deep yellow microcrystalline powder melting at 206-08°. -It 
was sparingly soluble in water but it dissolved freely in alcohol or acetic 
acid. When treated with a drop of ferric chloride, an aqueous alcoholic 
solution of the substance gave an olive brown colour. On reduction with 
magnesium and hydrochloric acid the substance did not develop any pink 
colour. It was found to be identical with a synthetic sample of 4’-O- 
methylbutein and admixture with it did not depress the melting point. 
(Found: OCH, 11-0; C,;H,,O,OCH; requires OCH, 10-8%.) 


(b) Preparation of 4'-O-methylbutin.—The hot aqueous filtrate left after 
the separation of the methyl butein deposited on cooling a pale yellow sub- 
stance. It was filtered and recrystallised from dilute alcohol, when it came 
out as pale yellow glistening rectangular plates melting at 204-06°. In 
alcoholic solution it did not yield any colour with ferric chloride, but on 
reduction with magnesium and hydrochloric acid it gave a beautiful pink 
colour. It was identical with a synthetic sample of 4’-O-methylbutin, and the 
mixed melting point with it was undepressed. (Found: OCHs, 11-1%; 
C,;H,,O,OCH, requires OCHs, 10-8%.) 


This compound could be easily distinguished from the isomeric 4’-O- 
methylbutein, since it was only pale yellow in colour and crystallised as 
glistening rectangular plates, whereas the butein ether was a deep yellow 


microcrystalline powder. The melting point of a mixture of the two sub- 
stances was 188-91°. 


Synthesis of 4'-O-methylbutein— 


The conditions for the preparation of chalkones according to the method 
of Kostanecki have recently been studied in these laboratories®, and it has 
been found that the best yields could be obtained by (1) taking an excess 
of one of the components (aldehyde or ketone) the choice being dependent 
on the availability of the particular substance and (2) refluxing immediately 
after the addition of the alkali to the reactants for an hour. This procedure 
was adopted in the synthesis of 4’-O-methylbutein. 


Isovanillin (1 g.; 1 molecular proportion) and resacetophenone (3 g.; 
3 molecular proportions) were dissolved in 10 c.c. of alcohol and 25 c.c. of 
50% potash were added to the solution at the room temperature. The mixture 
was refluxed for one hour on a water-bath and then kept out of contact 
with air for 24 hours. The product was then diluted and acidified. with 
hydrochloric acid, cooling the flask under the tap. A yellow product sepa- 
rated out. It was filtered and recrystallised from alcohol. It came out as 
a microcrystalline powder melting at 206-08°. The yield of the pure product 
was 1g. (Found: C, 65-2; H, 5-6; OCHs, 10-6; loss on drying in vacuo 
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at 120-30°, 2-8; C,;H,,0O,OCH;,4H,0 requires C, 65-1; H, 5-4; OCHs, 
10-5; loss on drying (H,O), 3-1%.) 


Synthesis of 4'-O-methylbutin.— 


The above methylbutein (1-5 g.) was dissolved in 50% alcohol (75 c.c.) 
and treated with concentrated sulphuric acid (3 c.c.). The solution was 
then boiled under reflux on a water-bath for 18 hours. It was then diluted 
with boiling water to 250 c.c. when a Solid began to separate out. On shak- 
ing and slight cooling the solid coagulated. It was filtered and recrystallised 
from alcohol. It was a deep yellow substance melting at 205-07° and was 
found to be identical with the starting material. The filtrate deposited some 
more Solid on cooling. It was only pale yellow in colour and crystallised from 
dilute alcohol as glistening rectangular plates. It produced the pink colour 
characteristic of flavanones, when reduced with magnesium and hydrochloric 
acid. It melted at 203-05°. Yield of the pure product was 0-5 g. (Found: 


C, 67-0; H, 4-9; OCH, 11-0; C,;H,,0, OCH, requires C, 67-1; H, 5:1; 
OCH, 10-°8%.) 


Our thanks are due to Mr. G. V. L. Narasimha Murthy for some of the 
microanalyses. 
Summary 


On treatment with diazomethane, butrin gives rise to a monomethy]l 
ether which yields on hydrolysis with acids a mixture of 4’-O-methylbutin and 
4’-O-methylbutein, the latter being the major component. The constitutions 
of these two products have been established by alkaline oxidation, yielding 
isovanillic acid and comparison with synthetic samples. It is, therefore, 
concluded that butrin is 3’: 7-diglucoside of butin, and thus it is the first 
instance of a glycoside to contain the sugar residues in two different positions 
amongst the group of anthoxanthins and also the first instance to carry a 


sugar group in the side phenyl nucleus amongst both anthoxanthin and 
anthocyanin pigments. 
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THE methylation of the hexahydroxy flavone, quercetagetin with methyl 
iodide and potash was first carried out by Perkin. Though an excess of 
the reagents was used, the main product was the pentamethyl ether, and the 
completely methylated substance was obtained in very small amounts. As 
an alternative method for the preparation of the hexamethyl ether, Perkin 
subjected the dry potassium salt of the pentamethyl compound to the action 
of dimethyl sulphate, but the yield was poor even then. The pentamethyl 
ether (3:6: 7:3':4'-) was subsequently prepared by Baker, Nodzu and 
Robinson? during the course of the synthesis of quercetagetin. These authors 
could effect further methylation of the pentamethyl ether very satisfactorily 


by treating the compound in acetone solution with dimethyl sulphate and 
alkali. 


It has now been found that the hexamethyl ether can be readily pre- 
pared in a very satisfactory yield (about 90%) according to the method of 
Rao and Seshadri.* The acetyl derivative was dissolved in acetone and the 
solution treated with the requisite amounts of dimethyl sulphate and 20% 
sodium hydroxide alternately in small amounts. Finally the medium was 
made definitely alkaline by the addition of further quantities of the alkali. 
After leaving overnight the acetone was removed by heating on a water-bath, 
and when the remaining alkaline solution was acidified, the hexamethyl ether 
was produced. After crystallisation from alcohol using a little animal char- 
coal, the substance was obtained as narrow rectangular plates melting at 
142-44°. Mahal‘ followed a similar method with slight alterations but the 
yield was recorded to be only 33% on the weight of the acetate taken. 


The action of diazomethane on quercetagetin does not seem to have been 
studied before. An anhydrous methyl alcohol or dioxan solution of the 
flavonol was treated with excess of diazomethane in ethereal solution, adding 
the latter in small quantities during two days. After evaporating off the 
solvent, a brown oily liquid was obtained, which solidified on adding a little 


35 








2? 


36 P. Suryaprakasa Rao 


water and keeping in the ice-chest for some time. The brown solid was 
purified by crystallisation from alcohol using a little animal charcoal. 
Hexamethyl quercetagetin melting at 142-44° was obtained in an yield 
of 80%. 


The action of methyl iodide and anhydrous potassium carbonate has 
recently been studied in our laboratories on some of the flavonols, herba- 
cetin, gossypetin and quercetin, and their action has been found to be similar 
to that of diazomethane. A deviation has been noticed in the case of 
quercetagetin. When a solution of the flavonol in dry acetone was treated 
with anhydrous potassium carbonate, the pigment got precipitated almost 
completely, and the subsequent boiling of the mixture with methyl iodide for 
60 hours did not bring about any methylation, the original substance being 
ecovered unchanged. The experiment was repeated using a mixture of di- 
oxan and dry acetone to dissolve the pigment. Even now the flavonol got 
precipitated on adding anhydrous potassium carbonate; but on boiling with 
methyl iodide a pale yellow substance began to float over the surface of the 
liquid. It was mechanically separated out and crystallised from alcohol, 
when it appeared as almost colourless rectangular plates melting at 160-61°. 
It was found to be identical with 3: 6:7: 3’: 4’-pentamethyl quercetagetin, 
developing a brown colour with a trace of ferric chloride and giving a dull 
olive-green with an excess. The yield too was poor. 


The author’s thanks are due to Prof. T. R. Seshadri for his interest in 
this work. 
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Various hypotheses have been advanced for determining the yield point of 
an elastic material. In one group we may combine the hypotheses of 
(i) principal maximum stress, (ii) maximum principal strain and (iii) maxi- 
mum shear stress or maximum principal stress difference. Of these the 
last one seems to find favour with many writers. In fact Cook! maintains 
“that stress differences alone will be found in the expression of any theory 
which can be applicable” to elastic failure. Taylor and Quinney? also hold 
this view. 


A second group of theories starts from the idea that there is a limit 
to the amount of strain energy which can be stored in the element of volume 
of an elastic material. The strain energy can be split into two parts, one 
due to the change in volume and the other due to the distortion. Haigh* 
and Beltrami*® take into consideration both these changes, but Mises® and 
Hencky neglect the part due to the change in volume. Nadai® is a great 
supporter of the Mises-Hencky hypothesis. 


A feature common to all these theories is that the criterion of failure 
is unaltered by a reversal of the sign of the stress. But it is well known 
that materials shew yield stresses in compression several times those in 
tension. To avoid this objection Mohr’ has extended the maximum shear 
theory by combining it with the principal maximum stress theory. 


Very few have found their way to agree to Guest’s criterion® that be- 
sides the shearing stress, which is a primary factor in yield, volumetric stress 
of a certain type should also be taken into account. In two recent papers? 
he has elaborately discussed some recent experimental results of Mason, 
Becker and Cook, and has shewn how the difficulties in the explanations 
given by the various authors and others of their results can be overcome by 
taking a volumetric stress in the shearing stress hypothesis. We propose 
to shew how the theory of Finite Strain which has been developed in some 
recent papers! !! gives a criterion similar to that of Guest, which contains 
the three commonly adopted theories of maximum shear stress, of Mohr 
and of Mises and Hencky. 
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Let p,, Po, Pp, be the principal stresses in descending order of magni- 
tude. If we adopt the maximum stress difference hypothesis, the criterion 
can be written as 


PP; — P2= Constant = K (say). (1) 
In the case of a simple tension in the x-direction we can put p,= xx, P2= 9, 
so that py = xx=K. In the case of pure shear we can put py= —p, =xy, 
so that xy= 4K. Hence, if € be the ratio between the yield point in tension 
and the yield point in shear, we get €=0°5. 
Mises-Hencky hypothesis can be written as 
(P1— P2)* + (P2— Ps)* + (Ps— Pi)” = K (a constant). (2) 
Proceeding as above we find €= 0-577. 
Guest formulates the law of failure as 
Py — P3+ k (py + Ps) = K (a constant), (3) 


where k-is a non-dimensional constant of the material varying from zero 
to unity. For k=0 (3) reduces to (t), and for k= 0-155 (3) gives the same 
value of € as (2). In general the value of & given by (3) is 
é=3(1+h). (4) 
The values of € determined experimentally have a wide variation, and 
hence (3) can be expected to give better results than either (1) or (2). It is 
significant that Guest does not use the average volumetric stress $ (p, +p. +ps) 
but the stress }(p,+p;). In the finite strain theory it is found that 
4 (p,+ Po+ ps) should be used. 


For a spherical shell subjected to uniform normal tractions on the inner 
and outer surfaces the finite strain theory gives the limits for the principal 
stresses rr and 60 (= ¢¢) as!” 


1— 2n 2 (rr— 06) 1-2» 
— < : _— —_ 7 > 5 
—}% " Se 2n (>) 


where 7 is Poisson’s ratio and k the modulus of compression. The lower 
limit corresponds to infinite contraction and the upper to infinite extension. 


If we take the upper limit, we get the criterion for failure due to 
extension as 


rr ore’ i= Ro (6) 


which is of the form proposed by Guest. For steel we can put 7 = 0-3 and 
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we get the ratio € equal to 0-625, which is a very high value. But, if we 
write (6) as 


as oe 
rr— 00+ 4 (rr+ 00+ $b) = tay (7) 
where E is ees S ‘mda we get a slight modification of Guest’s Law as 
E 

— Pett al 1 (p+ Pat Ps) = 5 (8) 

For a pure shear we can put p)= — p3= xy (say), P2=0, and we get 

an E 
2xy= a ies (9:1) 
For a pure tension we can put p, = xx (say), Po= p3= 0, and we get 
xx =+E. (9-2) 
1 

Hence E= ¢- T+7) (9-3) 


which lies between 0-5 and0-75. For steel we can take 7 = 0-3, and the value 


of € becomes 0-577, which is exactly that given by Mises-Hencky 
theory. 


For contraction we take the lower limit, and the criterion corresponding 
to (8) is found to be 











= 1—2y 22% E 
A— Pst Ty, itetm) =# Ty (10) 
For a pure shear 
2xy=%- aa (11-1) 
and for a pure tension 
-_ E 
The corresponding value of é is therefore 
t-te 


which, as was to be expected, is equal to 0-577 for a higher value of 7 given 
by » =0-392. 


The ratio of the values of xx in pure compression and in tension is 
found from (9-2) and (11-2) as 


3 


—~ 2 


2-7 
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which varies between $ and 2. Thus, as is proved by experiment, the yield 
stresses in compression are much greater than those in tension. 


It should be mentioned that the laws formulated in (8) and (10)* are 
based on the hypothesis that the material remains within the limits of per- 
fect elasticity. But Guest has shewn his law to hold good for brittle materials 
as well. Whether we use $(p,+ p.), as Guest has done, or the average 
volumetric stress, as has been done in (8) and (10), it appears certain that 
an extension of the maximum shear stress hypothesis lies in including some 
more linear terms in the principal stresses. If the additional terms are to 
reflect the effect of the change in volume, the inclusion of the average 
volumetric stress $(p,+ Po+ ps) seems to be more feasible than 4(p,+ po), 
as has been done by Guest. 
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NEDUNGADI (1940) made an exhaustive study of the Raman effect in Rochelle 
salt crystals. Using a commercially available large single crystal, he obtained 
a number of new lines including several new lattice lines and showed that 
the intensity of these varied with the orientation of the crystal. The avail- 
able data on single tartrates are, however, incomplete. Canals and Peyrot 
(1938) have recorded some high frequency lines above 1200 cm.-! in potas- 
sium tartrate using the crystal powder technique. Gupta (1938) reported 
only five lines having frequency shifts 888 cm.-! and above and failed to 
record any on the low frequency side, though he used a single crystal of 
sodium tartrate for the study. In view of these facts, it was felt desirable to 
investigate single crystals of some simple tartrates. The results gbtained 
with a fairly large single crystal of potassium tartrate prepared by the author 
are reported in the present communication. 

The frequency shifts (in wave numbers per centimetre) observed in 
potassium tartrate crystal are listed in Table I along with the relevant data 
of previous investigators for comparison. Columns 2 and 6 of the table 
contain the frequency shifts deduced from the graphical representation given 
by Peyches (1934) in a 2M solution of the salt. 


A glance at the table shows that many new lines, including three 
intense low frequency lattice oscillations and one band due to water of 
crystallisation, have been recorded here for the first time. It is to be noted 
that every line observed in the solution of potassium tartrate has a corres- 
ponding line in the crystal, though the reverse is not always true. Further, 
there is close agreement between the frequencies observed by Nedungadi 
(1940) in the case of Rochelle salt and those observed in potassium tartrate 
by the present author. These show clearly that the frequencies character- 
istic of the tartrate ion are practically unchanged by the cation in these 
crystals. However, the differences are conspicuous in the low frequency 
lattice oscillations. The three lines 77, 103 and 150 correspond respectively 
to the lines 88, 132, and 178 in Rochelle salt, though the former set of lines 
have uniformly lower values. This lowering of the lattice frequencies in 
potassium tartrate is perhaps to be ascribed to the larger mass of the two 
potassium cations than that of sodium and potassium taken together in 
Rochelle salt molecule. 
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TABLE T 








Raman lines in potassium 





Raman lines in potassium 











tartrate tartrate 
Nedungadi | Nedungadi 
Rochelle Canals | Rochelle 
Canals and Sanches Author, Salt. ond Peyches. Author. salt. 
Peyrot. | 5 A paar Single Single Pevrot, | 2™ solu-| Single Single 
Crystal |“ tion crystal crystal Crystal tion crystal crystal 
powder powder 
39 (47) 915 (0) 
77 (8) 88 (Sbd) 1000 995 (2) 990 (6) 
103 (12) | 132 (8s) 1070 1073 (1) | 1070 (7) 
150 (6) 178 (6vb) 1110 1110 (1) | 1112 (3) 
249 (3d) 1232 f 1220 1219 (1) | 1210 (3) 
380 (1bd) 271. f 1323 (4) | 1292 (4) 
1337 f 
493 (1) 485 (3d) 1351 (2) | 1347 (4d) 
525 531 (2) 532 (3) 1370 1379 (7) 
600 603 (1) 611 (4d) 1424 bf 1430 1425 (4b)| 1425 (4d) 
1600 
641 (0) 1607 f 2926 (10) | 2935 (15) 
710 699 (1) 2652 f 2979 (8) 
810 807 (4) 811 (4d) 2739 ? 3262 
2940 F 
| 
850 846 (2) 847 (5) 2992 F 3336 (2b) | 3400, 3468 
900 889 (2) 891 (7) 3534 























Only one line characteristic of the C-H bonding at 2926 has been 
recorded in the present investigation, though Canals and Peyrot report other 
weak lines also. 


The absence of the C=O frequency in the spectrum is characteristic 
of the jonised carboxyl group as in the case of Rochelle salt. 

The author is indebted to Professor Sir C. V. Raman, kt., F.R.S., N.L., 
for his inspiring interest and to Mr. T. M. K. Nedungadi for useful help. 


Canals and Peyrot 
Gupta 
Nedungadi 
Peyches 
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IN regard to the colorimetric methods of analysis the existing literature 
shows that no systematic attempt has been made to specify the various 
colours that are met with in terms of brightness, dominant wave-length and 
purity, which are the parameters that correspond very closely to the three 
psychological attributes brilliance, hue and saturation. Further, an analysis 
of the colours developed at various concentrations of the substance under 
investigation, can yield information regarding the limits of concentration for 
obtaining the maximum accuracy. Of the methods that are employed in 
colorimetric estimations the dilution and the balancing methods depend on 
the applicability of Beer’s law to the solutions concerned. For the success 
of a colorimetric estimation by these two methods, therefore, it is necessary 
that the dominant wave-length of the final coloured solution at various con- 
centrations should be nearly the same and that the brightness should neither 
be too low nor too high. It is obvious that the errors in the matching of 
colours will be considerable if the solutions are too bright or too dull. 
Investigations have been, therefore, undertaken with a view (1) to specify the 
colours that are met with in some of the important colorimetric methods in 
terms of brightness, dominant wave-length and purity and (2) to see how 
far it would be possible to correlate the limits of maximum accuracy obtained 
in some colorimetric estimations by the dilution and the balancing methods 
with those that could be judged from colour analysis data. The present 
paper deals with the colorimetric estimation of nitrate by employing the 
phenol sulphonic acid’ and the a-naphthol sulphonic acid*® reagents. 


Experimental 


The phenol sulphonic acid reagent was prepared as described in ‘ Photo- 
metric Chemical Analysis’.* The preparation of the a-naphthol sulphonic 
acid reagent and the treatment of the water samples for the development of 
colours for comparison were carried out as described by Murty and Gopala 
Rao.’ Colour analysis was effected by making use of the Keuffel and 
Esser colour analyser.2 From the percentage transmissions at the various 
wave-lengths the red, green and violet sensations and the relative luminosity 
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values were obtained by using the K & E slide rule. The colour triangle was 
employed for the evaluation of purity and the dominant wave-length. The 
colorimetric estimations were effected by making use of the Duboscq colori- 
meter. 


Results and Discussions 
The following table gives in detail the data concerning the colour 


analysis of the solution which contains 0-25 mg. of nitrate nitrogen. 
The colour was developed with the a-naphthol sulphonic acid reagent. 











TABLE | 
Wave-length Mean colour- | Red | Green Violet Relative 
m. | analyser reading | sensation | sensation sensation luminosity 
490 | 9 | 0-42 1-74 2:22 0-018 
500 24 | 2°30 7-30 3*35 0-075 
510 35 6-20 16-20 3°35 0-185 
520 41 11-30 25-00 2°94 0-282 
530 55 20-20 38-20 2°80 0-464 
540 62 27°80 45-50 2°13 0-600 
550 65 33-00 48-50 1-40 0-650 
560 61 34:00 42-50 0:80 0-600 
570 63 38-00 39-40 0-52 0-590 
580 61 37-50 30°50 0:29 0:°525 
590 69 43°50 24:30 0°515 
600 57 33-70 13-10 0:350 
610 58 30-80 7°60 0:282 
620 51 21-40 3-42 0-184 
630 47 14-80 1-52 a 0-117 
640 56 11-80 0:61 sie 0-088 
650 50 6-25 0-16 ae 0-046 
660 55 3-90 oe ae 0-024 
670 55 2°22 ne av 0-012 
680 47 1-03 om ye 0-005 
690 48 0-60 on ae 0 004 
700 50 0:69 RF iia 0 005 
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From this data the usual calculations yield the following results: 


Brightness we ia 54-0% 
Dominant wave-length .. 575 m. p. 
Purity = we 95-0% 


The values given below have been obtained by the colour analysis of 


the corresponding solution where the phenol sulphonic acid reagent was 
employed: 


Brightness om 68 -5% 
Dominant wave-length ... 570 m.p4. 
Purity oa os 81-0% 


Nitrate solutions of varying concentrations were treated both with the 
phenol sulphonic acid and the a-naphthol sulphonic acid reagents and the 
final coloured solutions analysed. The following table embodies the values 
of dominant wave-length and brightness at the different concentrations of 
nitrate. 














TABLE II 
| Colour developed with the phenol Colour developed with the a- 
sulphonic acid reagent naphthol sulphonic acid reagent 
Concentration 
(m.g. X 10? nitrate 
nitrogen) | Dominant Dominant 
wave-length Brightness wave-length Brightness 
(m. 1) (%) (m. p) (%) 
2°5 560 90-0 573 68-0 
7°5 563 80-0 574 60-2 
12°5 $65 75-0 574 58-3 
25-0 570 68-5 575 54-0 
50-0 570 62-3 578 42-0 
75-0 572 61:1 580 40-3 
125-0 593 60-3 582 38-0 
250:0 578 "59-1 590 29-0 
500-0 583 59-0 599 15-0 




















From the above results it is clear that solutions having the same nitrate 
content yield colours exhibiting longer dominant wave-length with the 
a-naphthol sulphonic acid reagent than with the phenol sulphonic acid reagent. 
Further, the percentage brightness is always lower in the former case than 
in the latter. In other words the a-naphthol sulphonic acid reagent yields 
deeper colours than the phenol sulphonic acid reagent. An examination of 
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the results presented in Table II shows that as far as the constancy of domi- 
nant wave-length for small changes in concentration is concerned both the 
methods are equally satisfactory. The brightness values, however, exhibit 
certain interesting features. With low concentrations of nitrate the phenol 
sulphonic acid reagent seems to yield colours whose brightness is very high. 
Hence according to the criteria mentioned in the introduction, this method 
does not appear to be capable of being employed for the accurate analysis 
of samples having low concentration of nitrate nitrogen (<< 10 mg. x 10-? of 
nitrogen). The brightness values of the corresponding colours with the 
a-naphthol sulphonic acid reagent, however, are neither too high nor too 
low. Hence this reagent should be capable of being used for the accurate 
estimation of nitrate solutions even at these very low concentrations. The 
situation seems to be the reverse in the case of strong solutions of nitrate. 
The a-naphthol sulphonic acid reagent cannot be useful because the bright- 
ness of the solutions is too low. The phenol sulphonic acid reagent on the 
other hand, yields colours whose brightness is within limits and hence it 
could be expected to be suitable in this range of concentration. For solutions 
of moderate concentrations both the methods seem to be equally satisfactory. 
With a view to verify these ideas colorimetric estimations have been carried 
out with both the reagents over a wide range of concentration and the results 
are given below: 








TABLE III 
Note.—The amounts of nitrate are expressed as m.g. x 10? of nitrate nitrogen. 
Amount Nitrate found with | Nitrate found with 
of nitrate phenol sulphonic | a-naphthol sulphonic 
taken acid reagent acid reagent 
2:5 a 2°4 
5-0 Pe 4°8 
Ya 3-6 PS 
10-0 8+2 9-9 
20-0 18-9 20:0 
30:0 29°5 29°8 
50-0 50-2 49°6 
75:0 75:0 74:8 
100-0 99-9 991 
200-0 200-0 180-0 
250-0 252-0 200-0 
500-0 506-0 350-0 
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The above results clearly show that the a-naphthol sulphonic acid could be 
successfully employed for the estimation of nitrate even at very low con- 
centrations where the phenol sulphonic acid reagent is not satisfactory. At 
higher concentrations the reverse happens to be true. Judging both from 
the colour analysis as well as the colorimetric data it can be concluded that 
for the estimation of nitrate the a-naphthol sulphonic acid and the phenol 
sulphonic acid methods are both complementary, each being efficient in its 
own range of concentration. 


Summary 


The analysis of colours that are met with in the colorimetric estimation 
of nitrate by the phenol sulphonic acid and the a-naphthol sulphonic acid 
reagents has been effected by means of the Keuffel and Esser colour analyser. 
From the results of colour analysis as well as those of colorimetric estimations 
it has been shown that the a-napnthol sulphonic acid method and the phenol 
sulphonic acid method are both complementary, each adding to the utility 
of the other by being efficient in its own range of concentration. 


In conclusion, the author desires to thank Prof. T. R. Seshadri for his 
kind interest in the work. 
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7. Introduction 


INVESTIGATIONS with crystalline nitrates in the form of powder have figured 
prominently in the early studies on the Raman effect. Krishnamurti (1930) 
made extensive studies on a series of nineteen nitrates, using suitable filters 
to avoid the continuous background in the spectrum. In certain cases he 
succeeded in recording the low frequency lattice lines in addition to the 
frequencies characterising the internal oscillations of the nitrate ion. Gerlach 
(1930) and I. R. Rao (1934) also investigated a few nitrates but their spectra 
were very incomplete. They obtained no lattice lines, and even in the case 
of internal oscillations only the strongest Raman lines were recorded. More 
recently, Anantakrishnan (1937) reinvestigated a large number of nitrates 
using his technique of complementary filters and noticed several fainter 
lines due to the internal oscillations of the NO, ion, which had been over- 
looked by the earlier workers. The advantage of using single crystals in 
enabling the low frequency lattice oscillations to be recorded was made evi- 
dent by the work of Nisi (1933) in the case of nitrates of the alkali metals. 
Other nitrates do not, however, appear so far to have been investigated in the 
form of single crystals. The present author has prepared fairly large single 
crystals of strontium, barium and lead nitrates and studied their Raman 
spectra, revealing a series of low frequency lattice lines in each case. 


Using the powder technique, Krishnamurti (1930) also studied a number 
of sulphates but failed to notice any of the low frequency lines and recorded 
only the strongest of the lines due to the internal oscillations of the SO, ion 
in most of the cases. This is not surprising in view of the fact that the 
sulphates scatter light rather feebly. Nisi (1931), using small single crystals 
obtained better results, more lines characteristic of the SO, ion being recorded 
as also the low frequency lattice lines in copper sulphate and potash alum. 
Nevertheless, Nisi’s data were evidently incomplete. In view of this, the 
present author has prepared and studied the Raman spectra of fairly large 
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crystals of ferrous sulphate, ferrous ammonium sulphate, magnesium sulphate, 
zinc sulphate, manganese sulphate and potassium aluminium sulphate. As 
the bands due to the water of crystallisation in the above sulphates were 
not recorded with sufficient intensity in the spectrograms of the single 
crystals, they were specially studied using Anantakrishnan’s technique of 
complementary filters. 
2. Experimental 

Preparation of large single crystals from solutions under thermostatic 
control was tried, but on account of the unsteady supply of electric current 
satisfactory results were not obtained. Recourse was therefore had to the 
method of slow evaporation. The crystallisations were carried out in an 
underground chamber, the temperature of which was found to be practically 
constant at about 27°C. A specially designed glass frame was used to hang 
a nuclear crystal with a fine silk fibre. A glass plate put on the frame 
protected the growing nucleus from parasitic crystals. 


For the study of the spectra of single crystals, a Hilger two-prism spectro- 
graph of high light gathering power, with a dispersion of about 28° A./m.m. 
in the 4358 region, was used. For the study of the water bands a Fuess 
glass spectrograph with a dispersion of about 20° A./m.m. in the 4046 region 
was used. Ilford selochrome plates with special backing were employed 
to record the spectra. The plates were measured with the aid of a Hilger 
cross-slide micrometer and for comparison an iron are spectrum was recorded 
alongside the Raman spectrum. 


Some of the sulphates exhibited marked efflorescence. This was remedied 
by protecting the polished faces from tarnishing by cover glasses attached 
with a trace of canada balsam in xylene. They also showed slight fluor- 
escence which could not be got rid of even after several crystallisations. 

3. Results 


The Raman frequencies observed by the author in the case of the 
nitrates and sulphates are collected in Tables I and I]. The intensity maxima 








TABLE I 
Nitrates Lattice Oscillations Frequencies of the NO, ion 
| 
Strontium ..| 109| 129] 142] 167] 184! 736 1057 on 1402 1423 
© | @/] md] Q)| © (4) (12) (4) (4) 
Barium ot Gea: a 160) .. 728 1047 1383 
(8) | (7) (5) (1) (12) (2) 
Lead ee) eee 144] 160) .. 725 1046 1383 1460 
(10) (2) | 4) (1) (12) (4) . (1) 
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TABLE II 
Sulphate Lattice Oscillations Va Vg vy Vs 
FeSO,:7H,O 132 | 242 .- | 387 447 | 613 747 | 976 | 1039 
(2s) | (2d) (1) «(3d) | (id) (1) | G5) | GD) 
MgSO,:7H,O 455 | 613 .. | 981 | 1046 1101 
(4d) | (3d) (15) | (is) (1b) 
ZnSO,:7H,O 57* | 94 | 252 | 375 447 | 608 «- =| 986 «+ 39200 1057 
(3) | (4b) | (id) | (id) (Sb) | (2d) (15) (Id) (1d) 
MnSO,:7H,O 330 - 487 | 608: GOS | 998 | 1085S ... 1148 
(2d) (4b) | (2d) (i) | G5) | (1) 
FeNH,(SO,)>. 145 171 és .. 487 | 623. 710: | 982 
12H,O (2s) | (2b) (b) | (3d) (1d) | (15) 
KAI (SO,)2°12H,O 333 | 437 458 | 525 613 | 991 | 1084 1134 
(id) | (4) (3) | (2b) (Sb)} G15)| Gs) 


























*57 has a doublet structure. 


measured for the bands of the water of crystallisation in the sulphates are 


separately listed: in Table III. 


The results of the study of the water bands of 








TABLE III 
Maxima of Bands of Water of 
Substance crystallisation Remarks 
FeSO,:7H,O 3225 3337 3432 3543 
(2) (2) (6) (3) 
MgSO,:7H,O .| 3226 3285 3458 Nisi’s results are 3227 and 3445 
(2) (3) (4) (f,d) (f, v, d) 
Canals and Peyrot’s values are 
3230, 3322, 3404 and 3481 
ZnSO,:7H,O “a “s) Canals and Peyrot report 3436 
MnSO,:7H,O 3399 3467 
(3) (1) 


FNH,(SO,). : 12H,O 


KAI (SO4)2 . 12H,O 


NH, Al (SO,),°12H,O 


3216 3285 3395 
(6) (6) (7) 


3114 oe 3375 
(1) (5) 
3368 3476 





(6) (1) 














2527 2843 3090 are attributed 
(+) () (4 to NH, radical 

Nisi’s value is 3384. 

Canals and Peyrot report bands 
2973 to 3207, 3377 and 3571 


3105 is assigned to NH, group 
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ammonium aluminium sulphate have also been included in this table, 
though the single crystal of this substance was not studied for the Raman 
effect. Figs. 2, 3 and 4 in the Plate are reproductions of the spectrograms 
obtained in the case of the nitrates, the sulphates and of the water of 
crystallisation respectively. The intensities of the water bands recorded in 
Table III are relative to the arbitrarily assigned values of 15 for the corres- 
ponding symmetric oscillation at about 980 cm.-! of the SO, ion. 


4. Comparison with earlier data 


Tables IV and V bring together the results of the present and of earlier 
investigations. Table IV shows that the low frequency lattice oscillations 
in all the nitrates have been recorded for the first time except in the case of 
the line at 160 cm.-! which Krishnamurti observed as 155 cm.-! for lead 
nitrate. The frequency shifts of the fundamental oscillations of the NO, 
ion measured by Krishnamurti agree fairly well with the author’s results. 
Some of the feeble lines with high frequency shifts recorded by Ananta- 
krishnan were found missing in the author’s plates. It would seem that 
for recording such lines the powder method may be actually more efficient 
than the single crystal technique. 


Regarding the sulphates (Table V) it can be seen that Nisi’s results com- 
pare well with the present author’s in many cases. The lattice line reported 
by Nisi at 189 cm.-! in potash alum with 3125-6 and 3131-7 excitations 
in the ultraviolet region did not appear with 4358 excitation, though several 
new low frequency shifts were obtained for other sulphates without diffi- 
culty. While Nisi reported only the single symmetrical oscillation in para- 
magnetic sulphates like ferrous sulphate, ferrous ammonium sulphate and 
manganese sulphate, the author has succeeded in obtaining all frequency 
shifts characteristic of the internal oscillations of the SO, ion, including the 
split components of the degenerate lines. The doubling of the symmetric 
v, frequency reported by Nisi for potash alum has not been confirmed by 
the author’s spectrogram. No such doubling is found either in ferrous 


ammonium sulphate, the other double salt examined in the present investi- 
gation. 
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5. Discussion of Results 


Low Frequency Lines.—In the present study of the nitrates, all the crystals 
yield a number of low frequency lines. These are very clear and strong, 
ihe intensity of the lowest frequency line in all cases being not far below 
that of the symmetrical oscillation. This may be ascribed to the very 
high optical anisotropy of the nitrate ion. In spite of the analogous crystal 
structure of the three nitrates, the lattice lines recorded are not identical 
either in frequency or in intensity. It appears probable that the masses and 
refractivities respectively of the different cations have an influence on these 
features. 


As a contrast, the sulphates yield only faint lattice lines. This 
feature is not unexpected; the sulphate ion having spherical symmetry, only 
small polarisability changes would result from its rotational oscillations in 
the crystal lattice. 


Internal Oscillations.—The nitrates studied show generally a diminution 
of the frequency shifts from the lighter to the heavier metal and there appears 
to be no dependence of their values on the ionic volumes of the cations. 
In the case of the sulphates, the frequency shifts of the principal inactive 
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oscillation seems to show no relationship with either the atomic weight 
or atomic number. As regards the degenerate oscillations, their splitting 
has been clearly recorded for strontium and lead nitrates. 


Water of Crystallisation—Anantakrishnan, Nisi and particularly Nayar 
(1938) have studied the Raman bands of water of crystallisation in several 
crystalline hydrates. However, among the sulphates studied here the water 
bands have been recorded for the first time in ferrous sulphate, ferrous 
ammonium sulphate, manganese sulphate and ammonium aluminium alum. 
The characteristics such as the relative intensity, breadth and the frequency 
shifts of the bands have been represented in the form of a chart in Fig. 1 
as has been done by Nayar. It is found that there is no direct relationship 
between the characteristics of the water bands even in single sulphates like 
those of iron, magnesium, zinc and manganese, though all of them have 


analogous crystal structure and contain the same number of molecules of 
water of crystallisation. 


The author is indebted to Prof. Sir C. V. Raman, kt., F.R.S., N.L., for 
his inspiring guidance and to Mr. T. M. K. Nedungadi for invaluable help. 


6. Summary 


Using single crystals of strontium, barium and lead nitrates, several new 
low frequency lines have been recorded for the first time (see Table I in the 
paper). The sulphates examined in the form of single crystals have yielded 
all the frequency shifts characteristic of the internal oscillations of the 
sulphate ion, including some of the split components of the degenerate lines 
and also some new lattice frequencies. The paramagnetic sulphates have 
been shown to behave exactly like the non-paramagnetic sulphates (see 
Table II in the paper). The features exhibited by the water bands do not 
show any obvious correlation either with the number of molecules of the 
water of crystallisation or the crystal structure of the solid (see Table II in 
the paper). 
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7. Introduction 


THE Raman effect in crystals, as is well known, arises from an exchange of 
energy and momentum between the crystal and a photon traversing it, the 
spectroscopic results of such exchange differing greatly in the two cases in 
which the vibrations of the crystal lattice following the encounter are res- 
pectively in the acoustic and optical ranges of frequency. In a series of 
papers which appeared in April and May 1940,'. *. 5} Raman and Nilakantan 
put forward evidence indicating that such quantum exchanges of energy 
and momentum occur also when X-rays pass through a crystal. If the 
excited vibrations of the lattice are of the acoustic class, that is, in the nature 
of elastic solid waves traversing the crystal, we have a diffuse scattering of 
the X-rays with relatively small alterations of frequency. On the other hand, 
when the vibrations are of the optical class, their frequencies lying in the 
infra-red region, we have a reflection of the incident monochromatic X-rays 
by the lattice planes of the crystal with altered frequency in specific direc- 
tions which are, in general, different from those of the classical or Laue type 
of reflection. The theory of these effects has been discussed by Raman and 
Nath in two papers, 1940.5. The geometric law obeyed by these dynamic 
reflections has been shown to be 


2dsing sin( d+ e)=nAsin (1) 


(ei, 2, 3°+*) 
where, d= the crystal spacing, 


2%= the angle between the incident and the reflected X-rays, 


e= the inclination of the dynamic stratifications to the static 
crystal planes, 


and # = the inclination of the phase waves (planes of constant phase) 
of the lattice oscillations to the static crystal planes. 


Though in the earlier X-ray literature references are found to “ extra-spots ” 
appearing in Laue diagrams, the true nature of the phenomenon as stated 
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above was first indicated and established by Sir C. V. Raman and his 
collaborators. In view of this and especially of the formal analogy between 
the new reflections and the Raman effect in crystals, they will be referred to 
in the course of this paper as ‘“* modified’ or “‘ quantum” or “‘ Raman” 
reflections to distinguish them from the well-known unmodified or classical 
reflections of the Laue and the Bragg types. 


2. The Case of Diamond 


Though all crystals exhibit the phenomenon of modified X-ray reflection, 
the case of diamond is of extraordinary importance as it furnishes several 
crucial tests of the Raman-Nath theory of the phenomenon. In the first 
place, as has been shown by Raman and Nilakantan (19407, and 19418), the 
directions in which the modified reflections of the (111) planes of diamond 
are observed satisfy equation (1) in a very exact manner over a wide range 
of settings of the crystal, while they deviate widely from other formule which 
have been proposed. Further, the angle # comes out as identical with the 
angle between the octahedral and cube faces of diamond. In other words 
the phase waves for the (111) reflection are parallel to the (100) planes, a 
most interesting result of which the physical significance becomes evident 
on an examination of a model of the diamond crystal. While the (111) 
planes are normal to the valence bonds joining the carbon atoms, the (100) 
planes bisect the angles between them, whereas both sets of planes contain 
the atoms belonging to the two interpenetrating lattices in separate layers 
interleaved with each other. Thus it is not surprising that an oscillation 
of these two lattices, relative to each other, normal to the(111) planes should 
have its phase waves parallel to the (100) planes. 


The present paper deals with the purely geometrical aspects of the modi- 
fied reflections by the (111) planes in diamond on the basis of formula (1) 
above. Granting that #= 54°44’, in other words that the phase waves are 
parallel to the (100) planes, it follows immediately from considerations of 
symmetry that there should be three sets of phase waves, instead of one, 
namely, sets parallel to the (100) planes, the (010) planes and the (001) planes. 
The consequences of this idea are followed out in the paper. It is shown 
that they furnish a complete explanation of the phenomena of the streamers 
and the subsidiary spots accompanying the modified reflections (Raman 
and Nilakantan,*.? 1940, 1941), as also the tripling of the spots observed 
in certain settings of the diamond by Jahn and Lonsdale® (1941). Various 
other consequences of the formule are also worked out and found to be 
in accord with experimental facts. 
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3. The circular shape of the Raman spots 


Before considering the phenomena of the streamers and subsidiary spots 
on the basis that there are three sets of phase waves as indicated above, 
we shall first consider the explanation of the fact that the modified reflec- 
tions by the (111) planes appear in general as round spots instead of having 
an elliptic shape as in the case of the Laue reflections. We may put aside 
the suggestion—certainly not true in the case of diamond—that the round 
shape arises from any inherent “‘ diffuseness’’ of the modified reflection. 
If we accept formula (1) as rigorously correct, the modified reflections should 
be as sharp as the unmodified ones, and the difference in shape of the spots 
should be merely a consequence of the difference in the geometric laws 
obeyed by them. We shall now proceed to show that this is actually the 
case. 


While a Laue reflection occurs with ‘ white’ radiation, the Bragg and 
the Raman reflections occur with monochromatic radiation. In the Laue 
reflections neither the wave-length nor the angle of incidence is restricted; 
for the Raman reflections, owing to intensity considerations the wave-length 
must be considered as restricted while the angle of incidence is variable. 
For the Bragg reflections, both the wave-length and the angle of incidence 
are completely defined. Consequently when the incident pencil possesses a 
conical divergence only a narrow diametral section of the cone, normal to 
the incident plane, is operative for a Bragg reflection, while the entire cone 
is operative for the Laue and the Raman reflections. For the Laue reflec- 
tion it is easily seen that the beam divergence in the incident-plane gets changed 
into a convergence while the divergence in the orthogonal plane is un- 
affected, thus rendering the spot elliptical. For a Raman reflection the 
total deviation (2 5) of the ray remains sensibly a constant for small changes 
in the angle of incidence so that the original divergence of the beam re- 
mains unaffected by the reflection. Hence the Raman spot is circular with 
its diameter equal to the major axis of the Laue spot. Of course, this can 
happen only if the cone be of uniform intensity or if the exposure is suffi- 
ciently long. However, in practice the cone has a central intense core the 
intensity of the rest rapidly diminishing towards the edges. Therefore, in 
general, the modified spot is not crisp at the edges and its size is less than 
that of the unmodified spot. 


The above discussion holds good only for an infinitely thin crystal. 
The effect of a small finite thickness ‘t’ of the crystal is to elongate the 
spots through a distance ¢ tan 2, towards the direct spot. 














- 
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4. Reflection not in the plane of incidence 


The direction of the quantum reflection is found with the help of the 


—_> 
sphere of reflection first introduced by Ewald. The vector OI = 1/A repre- 
sents the direction of incidence and the vector IC represents the reciprocal 


lattice vector ijd drawn normal to the crystal spacings concerned. When 
the point C lies just on the sphere of reflection drawn with O as centre and 
OI as radius, the Bragg reflection takes place and the angle OIC is the 
complement of the Bragg angle 6,. 


When 0, the glancing angle of incidence, is less than @,, the end C of 


the vector id lies outside the sphere. No reflection is possible unless the 
phase waves creating the appropriate dynamic stratifications operate. As 
mentioned in §2, Raman and Nilakantan have shown for diamond that 
these phase waves are transverse to the plane of incidence and inclined at 
54° 44' to the crystal spacings when the incident plane is a plane of sym- 
metry—a (110) plane. For such an incident plane the reciprocal phase vector 
7, lies in it, and OR, the direction of the modified reflection, is also in 
the same plane (Fig. 1). 











@p 








0 VA 





Fics. 1a-1b 


Fic. la. OR, is in the direction of the Raman reflection when the plane of incidence 
is a (110) plane. OR,’ is the direction when the plane of incidence makes an angle x with the 110 
plane. Fic. 1b shows the modified spot R,’ out of the incident plane as would appear on a 
photographic film normal to the incident X-ray pencil. L is the Laue spot. 
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However, when the crystal setting is slightly changed so that the plane 
of incidence is no longer a plane of symmetry, the reciprocal phase vector 
7, cuts the sphere of reflection at a point R,’, which is not in the incident 
plane. Hence the Raman reflection whose direction is given by OR,’ goes 
out of the plane of incidence. 


The angle R,L R,’ on the sphere is the angle between the intersections 
of the planes ICR, and ICR,’ (the original and the final positions of the 
appropriate 110 plane of the crystal) with the surface of the sphere. x is the 
angle between the planes ICR, and ICR,’. If the angle R,L R,’ is denoted 
by x,, we have 

tan x, = tan x sin 8, 


where @ is the inclination of the tangent plane at L to the plane orthogonal 
to both the incident planes. This @ happens to be the glancing angle of 
incidence itself. The gnomonic projection x, of x, on the photographic plate 
normal to the incident pencil is given by 


tan x,= tan x, cos 2 f= tan x sin @ cos 2 . 


Raman and Nilakantan actually looked for such a change in the posi- 
tion of the modified spot with change of the incident plane and their ob- 
servations are in agreement with the above formula. 


The occurrence of such a modified reflection out of the plane of inci- 
dence in agreement with the above geometric formula is a striking con- 
firmation, at least in the case of diamond, of the idea that the phase waves 
have a definite inclination and azimuth with respect to the crystal spacings 
giving rise to modified reflections. 


5. Explanation of streamers and subsidiary spots 


That the ‘streamers’ and the subsidiary spots are consequences of the 
existence of three sets of phase waves parallel respectively to the (100), 
(010) and (001) planes was mentioned in §2. When @ the glancing angle 
of incidence is different from 06,, the three reciprocal phase vectors 7, rT, 73 
corresponding to the three sets of phase waves naturally operate giving rise 
to modified reflections. 7,, 7, and 7, are mutually perpendicular to each 


other and all are inclined at an angle of 54° 44’ to the reciprocal lattice vector 
> 
1/d. To begin with we will consider the case 6> 0, and when one set of the 


phase waves is transverse to the plane of incidence their inclination being 
towards the incident pencil. This happens when the incident pencil is nearly 
along a trigonal axis, the reflection taking place from a set of (111) spacings 
normal to one of the other three trigonal axes. In this setting 7, is in the 
plane of incidence and points nearly towards the centre of the sphere of 
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reflection. Let 7,, 7,, 73 cut the sphere of reflection at points R,, Rs, Rs. 
The directions of the modified spots are given by OR,, OR, and OR,. If 
IC produced cuts the sphere of reflection at L, the direction of the Laue spot 
is OL. R, is in the plane of incidence and is the primary Raman reflection. 
The small finite divergence present in the incident beam makes IC sweep over 
a small angle in all directions so that R, is a nearly circular area while R, 
and Rg, are two very elongated ellipses. The appearance of these spots as 
will be recorded on a photographic plate normal to the incident pencil is 
represented in Fig. 2 b. 
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Fics. 2a-2b 


Fic. 2a. T1, Tz, Tz are the three reciprocal phase vectors, 7, being in the plane of incidence. 
The diagram represents the case @ > 6s. Fic. 26 indicates the primary Raman spot R, and 
the two subsidiary spots R, and R; as will be recorded on a photographic film normal to the 
incident X-ray pencil. L is the Laue spot. 


When the angle @ is further increased, C moves away from the surface of 
the sphere and the distance LR, as well as the size of the triangle R, R, R, 
increases. 


When the glancing angle @ becomes equal to the Bragg angle 0,, C lies 
just on the surface of the sphere and the plane containing 7, and 7, is only 
slightly inclined to the surface of the sphere at C. This inclination is nearly 
13° for the particular setting of diamond we are considering, when copper 
radiations are used. The small divergence of the incident beam makes IC 
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sweep over a small angle in all directions so that the vectors 7, and 7; cut 
the sphere of reflection over long arcs nearly at right angles to each other. 
Every point on these arcs correspond to a possible direction of reflection 
so that we get four ‘ streamers’ when the modified spot is just on the Laue 
spot. The appearance of the ‘streamers’ on the photographic plate is 
represented in Fig. 3 b. 




















o A 





Fics. 3a—3b 


Fic. 3a. Case @ = 6s. T2 and 7; which are nearly on the surface of the sphere of reflection 
give rise to the streamers. Fic. 3b shows the streamers as they appear on the photographic 
film normal to the incident pencil. The Laue and the Raman reflections coincide. 


On decreasing the angle of incidence @ so that it is just less than 43, 
the end C goes out of the sphere of reflection. The Raman spot in the plane 
of incidence is given by R,, L being the position of the Laue spot. 7, and 75 
cut the surface in R, and R, provided the distance of C from the surface 
of the sphere is very small. Since the inclination of 7, and 7, to the surface 
of the sphere is small, the divergence of the incident beam moves R, and 
R, over long arcs thus giving rise to the ‘streamers’. When C is fairly. 
distant from the surface of the sphere the vectors 7, and 7, leave off the 
surface of the sphere and therefore the ‘ streamers’ disappear completely. 
This explains why the streamers are so sensitive to the crystal setting. 


The disposition of the reciprocal phase vectors in the setting of Jahn 
and Lonsdale is different from what we have been considering so far. From 
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Fics. 4a-4b 
Fic. 4a. Case @<@s. Fic. 46 shows the streamers starting from the modified spot R,. 
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Fics. 5a—-5b 
Fic. 5a. Shows the relative disposition of the reciprocal phase vectors in the Jahn-Lonsdale 
setting for @ > @s. 7, is in the plane of incidence and meets the sphere of reflection at R, farther 
from the Laue direction L, than R, and Rs. Fic. 55 indicates the triple spots as they appear on 
the photographic film. 
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a crystal model of diamond it is easily seen that the Jahn-Lonsdale setting 
is obtained from the setting, so far considered, by a rotation of the whole 
configuration through 180° with IC as axis. 


For @ > 43, C is inside the sphere and 7, 72, 73 cut the surface at the 
three points Ry, R., Rs, R,, the modified reflection in the plane of incidence 
being farther away from the Laue spot than the secondary spots R, and R3. 
The small uncertainty in the direction of O C due to the divergence of the 
incident pencil smears out the three reflections into partly overlapping spots, 
as all the three vectors 7,, 72, rz are having practically the same 
inclination to the surface of the sphere. (This is not so for the setting 
previously considered.) No streamers can occur when C is just on the surface 
of the sphere (6 = 6,); for, all the vectors are considerably inclined (nearly 
35°) to the surface, while for the other setting, two of the vectors are in- 
clined at very small angles (about 9°) to the surface of the sphere. When 
6 < 43, C goes out of the surface and the disposition of R,, R2, Rs; changes 
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Fics. 6a-6b 
Fic. 6a. Shows the reciprocal phase vectors in the Jahn-Lonsdale setting when 9< 6s. T, is 
in the plane of incidence. Fic. 6 indicates the triple spots as they appear on the photographic 
film. 
such that R,, the modified reflection in the plane of incidence, is again farther 
from the Laue reflection than the subsidiary reflections. The size of the 
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triangle R, R, R; increases in either case with the distance of C from the 
surface of the sphere, i.e., as @~6, is increased. These are just the pheno- 
mena mentioned in the Jahn-and-Lonsdale note referred to before. 


6. Quantitative Formule 


(a) The secondary spots appearing in the first setting —We will denote 
the modified spot in the plane of incidence by R, and the other two by Rg, 
R, (Fig. 2a). When R, is near the Laue spot the normal to the plane 
R, R, R, from C is inclined at an angle 


7 


=5 — 0-8 

with the reciprocal phase vector 7, giving rise to R,. Since CR,, CR, and 

CR, are mutually perpendicular, the angle R,R,R;= 2a is given by 

_ I—cos* A. 

~ I+cos?A 

As the spots are recorded on a photographic plate held normal to the inci- 

dent ray, we are interested in the gnomonic projection of this angle on the 

plane tangent to the sphere at I. If 2a, be the value of this angle we have 
tan a,= tan a-cos 2 #, 


where 2% is the angle between OL and OR,. For diamond # = 54° 44’ 
for the (111) reflection of copper K, radiation 6, = 21° 58’. When the crystal 
is near the Bragg setting + ¢ is practically 2 6,. Substituting these values 
2a, works out to be nearly 71°. As @ increases 2% also slightly increases 


so that the angle 2 a, decreases as we move more and more from the Bragg 
setting. 


cos2 a 


The distance R, R, or R, R; is easily calculated in terms of the distance 
of C from the surface of the sphere of reflection. Let the directions of the 
vectors 71, T2, T3 be taken as the co-ordinate axes. Then the direction cosines 
of p, the normal drawn from C to the plane R,R.R; are cos A, 


° 7 ° ° 7 
sin A cos 7. and sin A sin 4° Hence, 


2 1 \3 
RiRe=P (sara + aostA) ” 
Now p= (0 — 63) cos 8. 
Therefore the angular distance, between the main Raman spot R, and one 
of the subsidiary spots, is 
; + 2 1 ". 


R Rely = G00 95) 2089 [sex + cara 
AD 
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From equation (1) it can be shown with a little manipulation, that the 

angular distance of the main Raman spot R, from the Laue spot is given by 
LOR, = 2(6— 4) (1+ cot # tan @)-. 

Hence the ratio of the angular distance between the main spot and a sub- 

sidiary spot to that between the main spot and the Laue spot simplifies on 


substituting the values involved in the copper K, reflections from the (111) 
planes of diamond to the approximate value 


0-68 cosec A. 


A is as before (90° — 54° 44’ — @) and is taken as small in the simplifica- 
tion. When @= 23° 12’ for which the subsidiary spots are distinct, this ratio 
is nearly 3, a value which agrees very well' with the experiments of Raman 
and Nilakantan. The formula also shows how the size of the triangle 


formed by the three spots increases as the distance of the main spot from the 
Laue spot is increased. 


(6) The streamers.—When 4 is just less than 4, the vectors 7, and 7, 
are very little inclined to the surface of the sphere (Fig. 4). The inclination 
of the plane containing 7, and 7, to the surface of the sphere at R, is as 
before A=5 — p— 8. 

Due to the small divergence 8@ in the plane of incidence the end point C 
of the vector I C moves through a distance I C. 58. Consequently the vectors 
7, and +, sweep out arcs on the sphere of reflection and these arcs determine 
the streamers. The angle 2a between the streamers is as before given by 
1— cos? A. 
1+ cos? A 
The gnomonic projection of this angle on the photographic plate is given by 
tan a,= tana.cos 2 ¥. 


Substituting the appropriate data for diamond, we get 2a, to be nearly 
71° which is in good agreement with the observed value of about 69°. 


The length of the streamers for an uncertainty §@ in the orientation of 
the reciprocal lattice vector,—i.e., for a divergence of §@ in the incident beam 
is calculated as follows. The angle 8 made by the vector 7, or 7, with the 
surface of the sphere at R, is given by 


cos2a= 


bib 
4 


When the end of the vector IC is lifted above the surface of the sphere of 
reflection, the vectors 7, and 7, cut through the great circles containing 


sin B= sin A:sin 
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them. The angle y of the arc cut on one of them as a result of this lift is 
given by 


i Ph 
v(B %) = 7008 O 58, 


where 50 is the angle through I C is rotated, A and d being the wave-length 
and the crystal spacing respectively. Substituting the values for the reflec- 
tion of Cu K, radiation from the (111) planes of diamond, we obtain 


y~ 4588. 


Hence a total divergence of one degree in the incident beam will produce 
a streamer about 4:5 degrees long. The height of the segment of the great 
circle containing 7, above the vector 7, in the correct Bragg setting is only 


1 ee 

x (1 — sin 5) 
Therefore when (1/d) cos@-(@,— 6) is equal to this quantity, the vectors 
t, and 73 are lifted cleanly off the surface of the sphere and the streamers 
disappear completely. The magnitude of (6,— 6)—the angular tilt of the 
crystal from the correct Bragg setting—required to bring about this dis- 


appearance of the streamers works out to be nearly 2° for the diamond case 
we are dealing with. 


(c) The spots in the Jahn-Lonsdale setting.—In this setting the triangle 
formed by the components of the triple spot has its apex in the plane of 
incidence and always away from the Laue spot (Fig. 5). The angle made by 
7, With the normal to R, R, R; is given by 


7 
(while for the other setting it is 5 §— 9). The angle R.R,R,=2 a’ is 
given by 
one Dalen ae. 
~ 1+ cos? B 


If 2 a’, be the gnomonic projection of this angle on the photographic plate, 


tan a’,= tan a cos 2 %, 


where 2 % is the angle between the incident pencil and the modified reflection 
in the incident plane. Substituting the data for the particular case of diamond 
we are dealing with, 2 a’, works out to be about 42°, when @ ~ 6, is small. 
As @— @, changes sign there is no change in the angle R, R, R;, but how- 
ever, the triangle gets inverted. 
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The angular distance R,R, is given by 


: . ty 
3 (8— By) cos 0 {aa B + sara} . 


and the angular distance L R, is nearly equal to 
2(0— 63)(1— cot # tan @)-?. 


Therefore the ratio of R,R. to LR, is, to a first approximation, 


“— (aarp + B “ cos? 7p)” 
For settings near the Bragg setting this works out to be nearly 0°60. The 


photograph appearing in the Nature note by Jahn and Lonsdale suggests 
this value. 


My sincere thanks are due to Sir C. V. Raman, F.R.S., for his invaluable 
help in the course of this work. In addition, I wish to record my thanks 
to Dr. P. Nilakantan for his very useful suggestions. 


7. Summary 


The paper deals with the purely geometrical aspects of the Raman reflec- 
tions from the (111) planes of diamond based on the Raman-Nath formula. 
The round shape of the spots obtained over a wide range of the setting of 
the crystal as contrasted with the elliptic shape of the Laue reflections is 
explained as a purely geometrical consequence of the divergence of the 
incident pencil and the special law of the reflection. The appearance of 
quantum reflections outside the plane of incidence in cases when it is not 
a plane of symmetry is worked out quantitatively and the agreement with 
observation is a striking evidence of the definite orientation of the phase 
waves associated with the lattice vibrations in this case. From considera- 
tions of symmetry three sets of phase waves, parallel respectively to the three 
(100), (010) and (001) planes, are postulated instead of the only one trans- 
verse to the plane of incidence. The streamers and the two subsidiary spots 
accompanying the modified reflection (Raman and Nilakantan), their behav- 
iour with changes of the crystal setting, the tripling of the spots in a particular 
setting (Jahn and Lonsdale), its changes with changes in the angle of 
incidence—all these different phenomena are shown to be geometrical con- 


equences of the above idea. The various quantitative formule derived are 
found to be in accord with experimental facts. 

















Geometry of Quantum Reflection of X-Rays in Diamond 
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A DETAILED application of Rayleigh’s theory of molecular scattering of light 
to the problem of day-sky illumination was made many years ago by L. V. 
King! who obtained results which in their main features were borne out by 
the observations of the Smithsonian workers. Gruner? in a series of papers 
extended the application to include not only low angles of the sun above 
the horizon but also considered early twilight, when the sun is a few degrees 
below the horizon. He also made actual observations of the changes in 
colour of the various parts of the sky during twilight. Ramanathan*® made 
calculations of the intensities of different parts of the sky, for a high level 
station (Simla, 7000 ft. above sea level) and for early twilight based on the 
assumption that the phenomenon of twilight is due to the scattering of 
sunlight by air molecules and the results agree as well as may be expected 


with Dorno’s observations of sky brightness made in clear weather in 
Switzerland. 


Recently Fessenkoff* and Link® have extended the application a step 
further and tried to connect the measured brightness of the zenith sky when 
the sun is below the horizon, with the density of air at different levels in 
the upper atmosphere. More recently, Hulburt® has made a similar attempt 
to derive the distribution of air density with height by photometric measure- 
ments of the brightness of the zenith sky and the luminous flux across a vertical 
plane from the twilight horizon. 


In 1937 a simple photometer was developed at the Colaba Observatory, 
Bombay, in order to carry out measurements of the intensity in the visual 
region of the zenith sky during twilight. An account of the work done 
is given below; and a tentative distribution of temperature with height in 
the upper atmosphere is deduced assuming the scattering at the time of 
twilight to be mainly primary scattering. 
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Fic. 1 

W—Wall S—Screen coated with magnesium oxide 
D—Dome A—Aperture in the dome 
B-Stone pillar M—Metal cylinder 
T—Wooden tube X—The position of the eye of the observer 
T’— Metal tube C—Black cloth 
P—Reflecting prism F—Colour filter 

Experimental 


Fig. 1 shows a diagrammatic sketch of the experimental arrangement 
set up for making visual photometric measurements of-the zenith sky. A is 
a rectangular hole in the top of the dome D, through which the scattered 
light from the zenith sky is let into the dark room. After passing down the 
two tubes T’ and T, it is reflected in a horizontal direction by means of a 
right-angled prism P so that the observer, with his eye at X, could view 
a portion of the zenith sky and follow the gradual changes in its brightness. 
The details of the photometer are shown in Fig. 2. A small electric lamp 
run on a six volt accumulator illuminates the screen S, coated with magne- 
sium oxide and supported by means of thin wires in the centre of the tube T. 
The current in the lamp can be varied continuously, so that the illumination 
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on the screen varies from zero to a certain maximum value. A precision 
milliammeter in the circuit indicates the current. Thus the current reading 
is a measure of the illumination on the screen and in turn when matched 
against the sky, of the brightness of the sky. 


MASS SASASA 





























Fa. 2 


S—Screen coated with magnesium oxid2 F—Colour filter 
T—Wooden tube C—Black cloth 
P—Refecting prism L—Electr:c lamp 

Measurements were taken with two colour filters; red (Schott and 
Genossen RG,, 2-1 mm.) and green (Schott and Genossen VG,, 2:0 mm.) 
which were brought in turn in the horizontal path of light. The field of 
view is shown as an inset at V in Fig. 2. The metal tube T’, the wooden 
tube T, and everything else inside the photometer which could scatter light 
were painted dull black to ensure against stray reflections. 


Readings were taken with this arrangement on every clear and moonless 
evening during the period December 1937 to March 1938. The illumination 
caused by the lamp even at its brightest was far too weak compared to the 
scattered light from the zenith sky, until the sun sank a few degrees below 
the horizon. The first reading could therefore be taken with the red filter 
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only when the sun was below the horizon by about 5°, and with the green 
filter, by about 6°. In order to accustom the eyes to the very feeble light, 
the observer used to keep himself in the dark for about ten minutes before 


starting the measurements and it was possible to continue the measure- 
ments well into the night. 


Fic. 3 


Calibration of the electric lamp.—The electric lamp of the photometer 
was standardised in the laboratory against a Kodak acetylene lamp, using 
the same two colour filters. For this purpose, a simple arrangement shown 
in Fig. 3 was adopted. S’ is a rectangular metal screen bent sharply at right 
angles in the middle, and coated with magnesium oxide on the outside. 
The two sides of the screen were illuminated normally by the two sources 
under comparison and were observed from O, through each filter in turn. 
The distance between the acetylene lamp L, and the screen S’ was changed, 
while a corresponding change in the intensity of the lamp L, was made by 
varying the current in it till the two portions of the screen were matched. .- 
Thus the readings of the currents flowing in L, were converted into-corres. 
ponding values of K/r? where r is the distance between L, and S’, and K is 
a constant depending upon the candle power of the lamp L,, the transparency 
of the colour filter used, the sensibility of the human eye for the particular 
colour and the reflection coefficient of the screen S’. In the earlier stages 
of the calculation, values of 1/r? only were used; these were later multiplied 
by K. Calibration curves were drawn for the two colour filters and used 
for converting the daily readings of the current into intensities. 


For every day of observation two curves, one for each filter, were drawn 
showing the variation of log 1/r? with time. In order to find a mean curve 
for all days of observations (the individual curves show little change from 
day to day) the abscissa was changed from time after sunset into ‘ depression 


of the sun below the horizon in degrees’. The two mean curves thus derived 
are shown in Fig. 4. 
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Conversion to absolute values.—In order to find the value of K the 
following procedure was adopted. Since the candle power of the Kodak 
acetylene burner is 1-552, the illumination at the Magnesium Oxide screen, 
placed at a distance r from it, is 1-552/r?; and its brightness 1-552 x 0:97/zr? 
candles cm.~?, 0-97 being the coefficient of diffuse reflection (or albedo) of 
the magnesium oxide screen. This brightness will be reduced when the screen 
is viewed through the green filter owing to a number of causes, by a frac- 
tion which can easily be calculated from :— 


(1) the known transmission coefficients of the filter for different wave- 
length regions, 


(2) the distribution of energy in the spectrum of the source, and 


(3) the luminosity (visibility) curve of radiant energy. 


It was found by graphical computation that the factor by which the intensity 
of illumination of the acetylene lamp was reduced by the green filter was 
1/5:35. Thus the brightness of the screen at a distance r will be 1-552 
x 0:97/5-35 x ar?, candles cm.-*. The constant K referred to above is thus 
equal to 1-552 x 0-97/5-35 x 3-14= 0-0896 (for green filter). 


Thus multiplying by 0-0896 we get the values of the brightness in abso- 
lute units, of the zenith sky for different depressions of the sun below the 
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horizon. The corresponding value of K when the red filter is used is 
0:0664. The values of brightness are given in columns 5 and 6 of the follow- 
ing table. 


For the sake of comparison, the absolute values of the brightness of the 
zenith sky measured at Bombay and those measured by Link’ at Rysy 
(2300 m.) are brought together in the following table. The original values 
of Link were expressed in magnitudes taking the sun as the standard. They 
have been converted into magnitudes taking the standard candle as the 
standard (column 3) and then expressed as logarithms of the ratios of the 
brightness of the zenith sky (I/,,) to that of a standard candle at a distance 
of one metre (/,). (column 4), It is assumed® in these calculations that the 
star magnitude of the sun is — 26-7 and that of the standard candle at a 
distance of one metre is ~ 14-2. 




















TABLE I 
Measurements at Rysy Measurements at Bombay 
Depression of Brightness of the zenith sky Logarithm of (brightness of 
the sun below per sq. degree in the green ie 5 the zenith sky/brightness of 
horizon in in magnitudes relative to :— | 0 ~ a the standard candle) 
degrees logio Ie 
the sun sae d | Green Red 
6 22-85 10-35 58600 5+3311 6-7897 
7 24+35 11-85 5+2600 6-8211 6-2543 
8 25-60 13-10 6-7600 6-381 71-7674 
9 26-65 14-15 6-3400 6-0181 71-4186 
10 27:50 15-00 60000 7-7051 
11 28-35 15-85 7 +6600 7-4921 
12 29-05 16-55 7 +3800 73101 
13 29-70 17-20 7-1200 7:1651 
14 7-0541 
15 8-9791 
16 8-9521 




















When the sun is 6° below the horizon the zenith sky at Rysy appears 
to be much brighter (about 3-38 times) than that at Bombay. This ratio, 
however, gradually gets less and less upto about 12°. At 13°, the zenith 
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sky at Bombay becomes slightly brighter than that at Rysy. The brightness 
of the zenith sky at Bombay in star magnitudes when the sun is 16° below 
the horizon is given by —0-4m.= 8-9521 =— 7-048; that is, m.= 17-6. 


In Table I of his paper ‘‘ Sur les variations de la brilliance du ciel noc- 
turne”’ Jean Dufay® has given a number of values of the brightness of the 
night sky for different seasons of the year, measured during the period 
1922-1926. The values are expressed in photographic star magnitudes. 
The mean of all these values is 4-31 photographic star magnitudes. This 
has to be increased by 0-25 in order to get the visual star magnitudes, viz., 
4-56. Comparing as before with the brightness of the standard candle, 
we obtain for the brightness of the night sky in visual star magnitudes 
4-56+ 14-2= 18-76. 

Similar measurements of Bauer, Danjon and Langevin!® at Mont Blanc 
give a mean value of 4-27 for the brightness of the zenith sky in terms of 
visual star magnitudes per square degree, when the sun was 25-29° below 
the horizon. With reference to the standard candle at a distance of one 
metre this becomes 18-47. 


Both these estimates of brightness are much smaller than Link’s value 
of 17-2 at = 13°, and the present measurement of 17-6 at 0= 16°, although 
in both the latter measurements part of the radiation is cut out by the green 
filter used. 


Calculation of upper air temperatures——The curves of Fig. 4 showing 
log 1/r? against the depression of the sun below the horizon can be utilised 
as shown by Link to deduce approximate values of upper air temperatures 
assuming the composition of air to remain constant with height. Let p be 
the pressure at height A, in the atmosphere. When the scattering of sunlight 
is confined to the air above h, b, the brightness of the zenith sky may be taken 
to be proportional to p, which is proportional to the air mass above. Let 
h change to (h+ dh), p to (p— dp), and b to (b— db). Then we may write: 

db|b = dp|p (1) 
Also dp can be expressed as: 


dp =— gp/dh=— gpm dh/RT 


where T is the average temperature of the layer dh, m, the mean molecular 
weight of air, g, the acceleration due to gravity and R, the gas constant. 
Therefore, 


dp/p=— gm: dh/RT. (2) 


Also, h = r (sec @— 1), where r is the radius of the earth, and @ the depression 
of the sun below the horizon. Therefore, dh=r sec @ tan 0 dé, 
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Substituting this in (2) and using (1) we get: 


db/b = dp/p =— mgr - sec @ tan 6 d0/RT 
or 
1/b - db/d@=— B sec @ tan 0, where 8 = mgr/RT. 

This last relation has been used by F. Link to derive the density distri- 
bution in the upper air. It shows that 8 represents the slope of the curve 
obtained by plotting 1/b -db/d@ against sec @ tan 0. Further since 8B = mgr/RT 
wherein all the quantities except m and T are known, we can deduce the 
values of T if we assume m to remain constant. 
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The distribution of tem-erature with height in the upper atmosphere. 
Continuous curve obtained from the twilight measurements at Bombay. 
Broken curve according to Godfrey and Price. 


As the brightness of the zenith sky could be measured over a much 
longer period with the green filter than with the red, a rough estimate of 
the distribution of temperature with height was deduced from the green 
curve only. The results are shown in Fig. 5. For the sake of comparison 
the distribution of temperature with height based on different experimental 
and theoretical considerations given by Godfrey and Price? is shown in the 
same figure. In piecing together the latter curve, information from widely 
different sources such as balloon ascents, propagation of sound waves, 
earth’s magnetism, oscillations of the free atmosphere, observations of the 
meteors, and reflections of the radio waves, has been utilised.. On the other 
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hand the former curve, although based on the results of a single series of 
experiments, covers a considerable range of the atmosphere and brings the 
principal feature of the other curve. However, since at any time large 
thicknesses of the atmosphere are involved in scattering the sunlight and 
since the calculated result depends on the estimate of the rate of variation 
of the brightness, it is to be expected that the temperature distribution 
curve based on the observations of scattered light!* will lack in details. 
Moreover, the effect of secondary scattering has been neglected. 


My thanks are due to Dr. K. R. Ramanathan of the India Meteorolo- 
gical Department for having suggested the problem and providing the neces- 
sary facilities for work at the Colaba Observatory, Bombay, during the 
year 1937-38. 


Abstract 


A visual photometer is described for measuring the brightness of the 
zenith sky during twilight. The results of measurements made with it at 
Bombay on a large number of clear moonless evenings during the period 
December 1937 to March 1938 are discussed. A red filter RG, (Schott and 
Gen.) and a green filter VG, (Schott and Gen.) were used. With the latter, 
it was possible to continue observations even when twilight conditions had 
completely ceased. The variations in brightness agree with a relation pro- 
posed by Link, namely, dI/I= 8 sin @ sec? @d0, where I is the brightness 
of the zenith sky, @ the angular depression of the sun below the horizon 
and 8 a constant. If the brightness is due only to primary scattering from 
the atmosphere illuminated by sunlight, it is possible to connect f with 
the temperature of the atmospheric layer responsible for the scattering. 


The difficulty however is to ascertain to what extent secondary scattering is 
important. 
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LALLEMANTIA ROYLEANA BENTH. commonly known as Tukhm-i-malanga, 
is an annual herb belonging to the Natural Order of Labiate. It is culti- 
vated throughout Northern India for the sake of its highly medicinal and 
mucilaginous seeds which are widely used as remedial agents in various ail- 
ments and also as an added palatable ingredient in cooling drinks and ‘ sher- 
bets’, chiefly by the Muslims. 


The seeds are about 1/12 inch in length, 1/16 inch in breadth, dark-brown 
to black in colour, smooth, three angled and tapering towards the umbellicus 
which is marked by a tiny white spot. When moistened with water, the 
seeds become coated with a voluminous and transluscent mucilage. The 
taste of the moistened seed is bland and somewhat spicy. 


According to Day,! a poultice of the moistened seeds is found useful 
in abcesses and inflammations. They are considered to be cephalic, 
astringent, cardiac tonic and carminative by Dymoch.? Kirtikar and Basu® 
describe the seeds as cooling and sedative. 


The chemical constitutents of the seeds which impart to it the medicinal 
properties described above are not known, and the seeds do not seem to have 
been chemically examined as yet. In the present investigation the seeds have 
been found to contain 10-8 per cent. of a fixed oil, and one should not be sur- 
prised if this oil is responsible for their medicinal properties. 


Experimental 


5 Kilos of the crushed seeds were extracted by hot benzene in a large 
extraction flask, and after removal of the solvent by distillation, the crude 
fixed oil was left behind as a bottle green and somewhat opalescent liquid. 
It was purified by treatment with animal charcoal and Fuller’s earth and was 
ultimately obtained as a transparent light green oil. On further examination 
it was found to be a semi-drying oil having the following physical and chemi- 
cal constants : 
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TABLE I 
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Physical and Chemical Constants of the Oil 


Specific gravity at 32°C... 0-9162 
Refractive index at 30° C. 1-4212 
Acid value 2:07 
Saponification value 191-20 
Acetyl value Nil 
Hehner value 89-3 
Iodine value 108-5 
Unsaponifiable matter 0-28% 


250 Grams of the oil were saponified in the usual manner with alcoholic 





caustic potash and the soap thus formed freed from the solvent and dried in 
the steam oven. It was then extracted exhaustively with ether in order to 
recover the unsaponifiable matter. After this it was decomposed with dilute 
hydrochloric acid in presence of petroleum ether and the petroleum ether 
solution of the fatty acids freed from the solvent by distillation. The fatty 
acids obtained in this way had the following physical and chemical constants : 


TABLE II 
Physical and Chemical Constants of the Mixed Fatty Acids 
Consistency .. liquid at 20° C. 
Specific gravity at 22°C... 0-9128 
Refractive index at 30° C. 1-4102 
Neutralisation value 202 
Mean molecular weight .. 277-9 
Iodine value 122 


The mixture of fatty acids were then separated into saturated and un- 
saturated acids by Twitchell’s* lead salt method and the following table gives 


the percentage, iodine value and the mean molecular weight of the saturated 
and unsaturated acids :— 











TABLE III 
Saturated and Unsaturated Acids 
Acid % in mixed Neutral- 
acids LV. isation Mean M. W. 
Saturated ‘ | 14-3 10-5 211°5 264-8 
Unsaturated | 85+7 140-6 199-7 280-3 














Examination of the unsaturated acids —The constitutents of the unsatur- 


ated acids were determined by the method originally suggested by Eibner 
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and Muggenthaler® and later on worked by Jameson and Baughman.® 
According to this method the bromine addition products of the unsaturated 
acids were prepared and separated as follows :—To a known weight of the 
unsaturated acids dissolved in dry ether and cooled to—10° C. bromine was 
added slowly until it was in slight excess. During the process of bromina- 
tion the temperature was not allowed to rise above —5° C. The mixture was 
then allowed to stand at—10° C. for two hours. The hexabromide of lino- 
lenic acid that was precipitated was filtered off and washed with dry ether, 
dried and weighed. The melting point of the hexabromide was found to be 
176° C. From the weight of the hexabromide and the knowledge of the per- 
centage of bromine in it, the weight of linolenic acid was calculated and its 
percentage determined. The ethereal solution consisting of the filtrate and 
washings from the above was treated with an aqueous solution of sodium 
thiosulphate in a separating funnel and the excess of bromine was thus removed. 
The ethereal solution was then dehydrated with anhydrous sodium sulphate 
and the ether removed completely by distillation. The residue was taken up 
with about 250 c.c. of dry petroleum ether, and the solution kept overnight in 
a refrigerator. On standing, no precipitate was obtained showing the com- 
plete absence of linolenic acid hexabromide. The petroleum ether solu- 
tion was concentrated to about 50c.c. by distillation and again kept in the 
refrigerator, but this time also no precipitate was obtained. The petroleum 
ether was then completely distilled off, the residue weighed and its bromine 
content determined by the usual methods. The percentage of bromine was 
found to be 36-4 thereby showing the complete absence of linolenic acid. In 
fact the residue was completely oleic acid dibromide. From this the weight 
of oleic acid was calculated. The following table shows the results of the 
examination of the bromine addition products : 


TABLE IV 

Examination of the Unsaturated Acids 
Weight of the acids taken td sa Ae ss a «. 1550 gm. 
Weight of linolenic hexabromide_ .. 2m és me ae co, SES? .. 
Percentage of bromine in the above is oi me es co, \COO.55 
Melting point of the hexabromide .. Re ee re 2 oo. AC, 
Weight of linolenic acid ‘i a og ae a .. 4°56 gm. 
Weight of residue cS “a a Si Re o« WM. 5 
Percentage of bromine in the above a AP sa ea + SS 
Weight of oleic acid a a 10-4 gm. 
Percentage of linolenic acid in the unsaturated acids .. a se -. 30-4 
Percentage of linolenic acid in the mixed acids a sis rae os. ane 
Percentage of oleic acid in the unsaturated acids o she a s<. (GRe2 


Percentage of oleic acid in the mixed acids .. ie es mt «. 59°4 
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The proportions of oleic and linolenic acids in the unsaturated acids were 
also determined from the iodine value of the mixture and they practically 
coincided with those found from the bromination products. 


Examination of the saturated acids.—For the separation of the consti- 
tuents, the mixed saturated acids were converted into their methyl esters by 
the usual methods, and the esters distilled under reduced pressure (6-5 mm.). 
Two main fractions (Nos. 1 and 2) distilling at 170-75° C. and 175-80° C. 
were obtained and from 17 gm. of the ester taken for distilliation, the weight 
of the fractions were 11:02 and 5-6 gm. respectively. The following table 
.shows the results obtained at a glance : 


TABLE V 


Examination of the Saturated Acids 











l | 
Fract. No. LV: | Mean M.W.| Palmitic acid Stearic acid }} | Unsaturated acid 
gm. | % gm. % gm. % 
1 3-4 271 10-1 90-4 0:2 1-6 0-3 2-3 
2 21:9 292°1 11 20-0 3°38 59°6 0-86 | 15-4 
Total ..| 11-2 3-58 1-16 | 























The percentage of various acids in the mixed saturated acids is given 
below : 














TABLE VI 
Percentage inthe | Percentage in the 
Acid saturated acids | mixed total acids 
Palmitic os ‘cz 710°5 10-09 
Stearic ag ee 22°6 3-23 
Unsaturated .. un 7:2 1-03 





Examination. of the unsaponifiable matter.—The unsaponifiable matter 
obtained from the soap was found to be ordinary sitosterol, melting at 
133-34° C. The acetyl derivative melted at 120° C. 


Summary and Conclusions 


The fixed oil from the seeds of Lallemantia royleana Benth. has 


been isolated in an yield of 10-8 per cent. by extraction with benzene. 
A6a 
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Further examination of the oil revealed the presence of the following 
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fatty acids: 


AwPyNe 


Linolenic acid 


Oleic acid 


Palmitic acid 


Stearic acid 


Unsaponifiable matter 
(Sitosterol) 


Kirtikar and Basu 

Dymoch 

Kanay Lal Dey 

Twitchell a 
Eibner and Muggenthaler .. 
Jameson and Boughman 
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7. Introduction 


IN a previous paper the author (1939) has described and explained the 
features observed in the Fresnel diffraction by the edge of a thin film of 
silver bounded by a sharp edge. It was found that the position and 
visibility of the diffraction bands on the ‘‘ shadow” side of the pattern 
varied in a remarkable manner both with the thickness of the film and 
the wave-length of the incident light. The sequence of changes described 
could be explained by considering the interferences between the plane wave 
transmitted by the film and the cylindrical wave radiated by the edge, the 
phase and intensity of the former being determined by the thickness of the 
film and the wave-length of the light. Since the optical properties of silver 
show marked changes with wave-length, particularly in the region of selective 
transmission, it was thought worth-while to study, in a systematic manner, 
the corresponding changes in the diffraction patterns. The use of the spectro- 
scope affords a simple and elegant method for such a study. It is known 
from the early observations of Stokes (1862) and from the extensive measure- 
ments of Minor (1903), that silver shows a characteristic variation in its 
optical constants in the vicinity of its sharp transmission band in the region 
of 3250 A.U. This property of silver has been the subject of several interest- 
ing investigations [e.g., Rayleigh (1930), de Selincourt (1925), Wood (1934), 
etc.]. It is to be expected, therefore, that a spectroscopic examination of 
the diffraction patterns due to thin silver films should exhibit interesting 
features. These have been investigated by the author in the present work, 


2. Experimental Arrangements and Results 


Silver films of the desired thicknesses terminating in sharp boundaries 
were prepared by the technique described in the earlier paper. Since the 
spectroscopic examination had to be made in the ultra-violet region, the 
metal was deposited on fused-quartz plates. With the edge of the film kept 
horizontal, the pattern formed in the light from a hydrogen-discharge tube 
with a quartz end-plate, was allowed to fall on the vertical slit of a quartz 
spectrograph such that the shadow of the film covered half the slit. The 
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portion of the pattern limited by the slit is spread out into a spectrum and 
the spectrograms show the variation in the intensity and disposition of the 
bands over the whole ultra-violet region where the spectrum of the hydrogen- 
discharge, as is well known, is continuous. The changes observed in the 
region of high selective transmission for silver lying in the vicinity of 3200 A.U. 
are shown in Figs. 1, 2 and 3 in Plate VI, for three different thicknesses 
of the film. Fig. 1 corresponds to a very thin film which appeared pale 
brown in transmitted light. Fig. 2 is due to a film which gave a blue trans- 
mission while Fig. 3 is due to a thick film which was practically opaque to 
an incandescent filament. 


Changes in the visibility of the fringes.—The photographs of the diffrac- 
tion patterns show several interesting features. It is found that, in all the 
three cases, the fringes on the ultra-violet side of the transmission band are 
fewer in number than jn the visible spectrum. This is most clearly shown 
in the case of film No. 2 in which the pattern is well discernible on either 
side of the transmission band. As has been mentioned in a previous paper, 
the intensity of the transmitted light determines the “ visibility ”’ of the 
fringes, there being a large number of fringes of high visibility when the 
intensity of the transmitted light is sufficiently low. It is thus evident from 
the photographs, that the transmission of light by a silver film is more on 
the ultra-violet side of the transmission band than in the visible spectrum. 

Considerable changes in the visibility of the fringes are noticed in the 
vicinity of the transmission band itself. In the case of the thinnest film 
the first dark fringe is that which is the best visible throughout the spectrum, 
indicating at the same time an increased visibility towards the ultra-violet end. 
The film of medium thickness shows a peculiar change in the visibility of 
the first dark fringe. On either side of the transmission band the fringes 
exhibit maximum visibility; in the region of transmission, however, the 
visibility is very low and the fringes are scarcely visible. Consequently, the 
pattern appears discontinuous in this region. This indicates that in the neigh- 
bourhood of 3200 A.U. the intensity of the light transmitted by this film 
is so great when compared with that of the light diffracted by its edge that 
the destructive interference between the two is ineffective. The thickest film 
shows some features which are not exhibited by either of the two thinner 
films. In the first place, the first dark fringe happens to be the best on the 
ultra-violet side of the transmission band. As we approach the band, the 
visibility gradually falls off to a minimum at the transmission band. As 
we proceed farther towards the violet side, the visibility increases suddenly 
but again falls rapidly to such low values that the fringe is barely visible. 
The pattern, however, no longer appears discontinuous. The visibility of 
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the second dark fringe is found to be a maximum just where the first dark 
fringe has ceased to be clearly visible. These changes of visibility are a 
direct consequence of the feebleness of the transmitted light as well as its 
peculiar distribution in the spectrum; thus, a general idea of this distribu- 
tion is obtained from an examination of the diffraction pattern. 

Disposition of the bands.—A remarkable feature exhibited by the photo- 
graphs, is the sudden bend in the diffraction bands towards the ‘* shadow ” 
side of the pattern, when we pass from the visibile to the ultra-violet region 
of the spectrum. This bend occurs at the region near 3200 A.U., there being 
a point of inflexion almost at the transmission maximum. This effect is 
best shown by the first dark fringe. On the ultra-violet side of the trans- 
mission band the fringes appear to have been shifted away from the edge, 
showing thereby that in its transmission through the silver film the light has 
undergone a retardation of phase which takes place rather abruptly at the 
transmission maximum and continues to persist on the ultra-violet side. 
Though all the three films thus behave similarly, the extent of the phase 
changes described, .depends on the thickness of the film. Thus with the 
thinnest film the bend and the shift of the bands are inconspicuous, so that, 
unless the first dark fringe is viewed along itself these effects cannot be 
readily observed. The film of medium thickness shows these features on a 
better scale. The phase retardation on the ultra-violet side of the trans- 
mission band is less than z as is shown by the fact that the first dark fringe 
on that side when produced falls just above the corresponding fringe on the 
other side. In the case of the thickest film both the effects have become all 
the more pronounced, the shift of the fringe on the ultra-violet side corres- 
ponding to a phase retardation of more than 7. 

3. Transmission of Light through a Metallic Film 

As has been remarked before, the exact nature of the patterns depends 
upon the intensity and phase of the light transmitted by the film and the 
intensities and positions of the fringes can be worked out for a number 
of wave-lengths from the Fresnel integrals previously derived by the 
author (1939) for a metallic lamina. Such a detailed calculation, however, 
is unnecessary, since the general nature of the variation can be readily 
understood from the changes in phase and intensity of the transmitted light 
with wave-length. It has been shown before (author, 1939) that the complex 


amplitude of the transmitted light for a metallic film is given by the Drude- 
formula 


C+ i D= 2 po/i (us?+ 1) sin m+ 2 pw, cos m, 
where both ». and m are complex, given by w,»=p (1—ik) and 
m=27pd/aA, (1—ik), 
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pu, k being the optical constants of the metal for the particular wave-length d 
of the incident light and «d’ the thickness of the film. If the optical 
constants » and k are known for various wave-lengths, the phases and 
intensities of the transmitted light are easily calculated. For very thin silver 
films (of the same order of thickness as film No. 1 in the present experi- 
ments) the optical constants are quite different from those of the metal in 
bulk if the classical theory were to explain the colour phenomena exhibited 
by them as they are gradually built up by sputtering or evaporation, as has 
been shown by Rouard (1937); moreover, since no accurate data are avail- 
able for different wave-lengths, no calculations can be made for such films. 
For thicker films which show metallic lustre (e.g., films Nos. 2 and 3), however, 
the calculations can be done by assuming the optical constants to be 
the same as those of the metal in bulk, the effect of the substrate of quartz 
on which the films have been deposited being neglected for the sake of 
simplicity. Using the values of Minor (1903) for » and ky for silver over 
the range of wave-lengths 2930 A.U. to 4500 A.U. (see Table I), the phases 


TABLE [ 
Minor’s values of » and kp for silver 
for wave-lengths between 2930 A.U. and 4500 A.U. 





| 
AimAU. | p kp 
| 





2930 1-568 0-969 
3030 1-543 0-772 
3090 1-485 0-598 
3140 1-264 0-437 
3180 1-015 0-431 
3220 0-833 0-404 
3260 0-689 0-424 
3290 0-518 0-560 
3320 0-404 0-649 
3360 0-256 0-821 
3460 0-219 1-098 
3611 0-201 1-453 
3950 0-155 1-912 
4500 0-164 2°386 
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and intensities of the transmitted light for two silver films of thicknesses 
5x 10-® cm. and 10-5 cm. respectively were calculated and curves have been 
drawn showing the variation of these factors with wave-length of the inci- 
dent light. The curves are reproduced in Figs. 1 and 2. 


It is seen from Fig. 1 that the intensity of the transmitted light is a 
maximum at about 3250 A.U. and falls off rapidly on either side. For the 
thinner film the rate of fall of intensity with wave-length towards the ultra- 
violet side is more rapid than that towards the visible region. For the thick 
film, though the general distribution of intensity remains the same, the rate 
of fall of intensity towards the violet side in the immediate neighbourhood 
of 3250 A.U. increases considerably, whereas that on the ultra-violet side 
is not so much affected. Moreover, the actual values of the intensity are 
much lower, with the result, the transmission band becomes highly local- 
ised in the spectrum. A comparison of the two intensity curves shows 
therefore, that the metallic absorption which extends from about 3250 A.U. 
into the visible region and which is due to the conduction electrons in the 
metal, goes on increasing with the thickness of the film and becomes com- 
plete only when it is of the order of 10-> cm.; the edge of the absorptio | 


TT 


0-5 


0-4 


Intensity 














38 40 42 44 45 
Wavelength in 10-4 crn. 
Fic. 1 








“ 
Y 
v 
i 
o 
ms) 
& 
w 
“ 
Lc] 
= 
Q. 


N. Ananthanarayanan 


2405 
200 


160 


Acceleration 


40 











Retardation 


40 . . . 


i. A 1 A 1 





29 31 33 35 37 39 41 43 45 
Wavelength in 10o-* em. 
Fic. 2 


band due to the bound electrons, on the contrary, is less dependent on the 
thickness of the film. These points are well brought out in the photo- 
graphs 2 and 3 in Plate VI, the absorption band on the visible side 
broadening towards 3250 A.U. more than the one on the ultra-violet side. 


The phase curves (Fig. 2) also show a similarity in their behaviour. For 
the thinner film the phase increases rapidly from low values at 3000 A.U. to z 
at about 3500 A.U., the further increase in it being gradual even up to 4500 
A.U. For the thicker film the changes in phase are smaller than in the 
previous case throughout the range of 2930 to 4500 A.U. At about 
2980 A.U. the phase changes sign, showing thereby that upto a 
certain wave-length the waves are accelerated in the metal film. 


4. Discussion 
It has been pointed out in the preceding sections that the intensity of 


the transmitted light determines the visibility of the fringes while the phase 
determines their position. The effect of increasing the thickness of the film 
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therefore is to increase the general visibility of the pattern whereas the 
individual fringes themselves vary in their visibility at particular regions of 
the spectrum, depending upon the actual values of the intensity of the trans- 
mitted light in those regions. The changes of phase accompanying an in- 
crease in thickness of the film determine the disposition of the fringes in the 
spectrum. We have seen that the phase-changes at about 3200 A.U. are 
abrupt and consequently the diffraction fringes in that region show a sudden 
bend. In the case of the thinner film (5 x 10-® cm.) the calculated curves 
indicate that the light waves are accelerated in the metal film even down 
to a wave-length of 2900 A.U. In the case of the thicker film (10- cm.) 
the actual values of the phase are smaller than those for the thinner film. 
This is explicable if we remember that the absorption due to the film goes 
on increasing with thickness till after a certain stage very little light is trans- 
mitted by the film. One may remark in general that after a thickness of 
10-5 cm. the metallic absorption is complete and the further increase in 
thickness would not sensibly alter the phase changes in transmission. We 
have also seen that for a sufficiently thick film, the waves are accelerated 
above a certain wave-length, whereas they are retarded in the ultra-violet. 
This is readily understood if we remember that for silver, as we recede into 
the ultra-violet, the refractive index of the metal is more than unity, whereas 
in the visible the refractive index becomes very small. The absorption index, 
however, is large wherever the refraction index is small and vice versa. The 
phase-changes in transmission, therefore, do not directly follow the refrac- 
tion index curve, but are altered more or less by the absorption index. In 
the case of silver the refraction index equals unity at about 3200 A.U.; but 
the phase does not change sign at 3200 A.U. as we have seen from the two 
curves. Even when the film is sufficiently thick, the effect of the absorp- 
tion is to shift the position of zero phase farther into the ultra-violet (for 
10-> cm. about 3000 A.U.). For thinner films we have to recede more and 


more into the ultra-violet for this change of sign in the phase due to trans- 
mission. 


Though the case of silver is unique in that it shows an extremely narrow 
transmission band, the cases of metals like Cu and Au are well worthy of 
study since these too show marked selective transmission. 

In conclusion, the author desires to express his sincere thanks to 
Sir C. V. Raman, kt., F.R.S., N.L., for his kind interest in the work. 


5. Summary 


A spectroscopic examination of the Fresnel diffraction due to thin silver 
films bounded by a sharp edge reveals interesting changes in the visibility 
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and disposition of the bands in the spectrum. The visibility of the fringes 
is found to follow closely the spectral distribution of intensity of the 
transmitted light. At places where the intensity is sufficiently low, the first 
fringe ceases to be the best, the second fringe showing maximum visibility. 
These observations have already been recorded in a previous paper (1939). 
The fringes show a sudden bend with a point of inflexion in the region of 
selective transmission at 3200 A.U. and they are shifted away from the edge 
on the ultra-violet side and towards the edge on the visible side. Using the 
Drude-formula for the amplitude of the transmitted light and the experi- 
mental values of Minor for » and ky for silver, both the intensity and phase 
curves have been drawn for two films of thicknesses 5x 10-* cm. and 
10-5 cm. respectively. The phase curves clearly explain the peculiar 
disposition of the bands at 3250 A.U. 
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